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Abstract

Research into the development of high performance thermoelectric materials has been
gaining interest because of the potential for various applications. In the public eye, thermoelectric
devices are readily recognized, such as the radioisotope thermoelectric generators utilized by space
agencies to power exploratory rovers on Mars and deep space satellites. Thermoelectric materials
are also investigated for their ‘green applications’, such as waste heat recovery in automobiles and
industrial processes. The purpose of this thesis is to optimize and study the thermoelectric
properties, and determine the viability as potential candidates for thermoelectric devices of three
different coinage metal chalcogenides: CusSn>Ses and CusSnoTe7, BazCuissTern, and AggSnSe.

The first compounds discussed (Chapter 3) are CusSn2Se; and CusSnaTe7, which were
previously reported to have metal-like properties, which are not desirable characteristics for
thermoelectric materials. The aim of this study was to reduce the carrier concentration of these
materials by Zn-doping to enhance the thermopower, and then investigate the thermoelectric
properties of the doped materials in comparison to the undoped ones. The compounds were
synthesized using both the traditional solid-state tube method and ball-milling. The crystal
structures were characterized using powder X-ray diffraction, which confirmed that all materials
crystallize in the monoclinic system with the space group C2. With the partial substitution of zinc
for copper atoms, the compounds exhibited an overall improvement in their thermoelectric
properties. Figure of merit values were determined to be 0.20 for CusZnSn,Se7 at 615 K and 0.05
for CusZnSn,Te7 at 575 K.

The fourth chapter aims to investigate the thermoelectric properties of hot-pressed BazCui4-
sTe12, with a focus on stability concerns due to potential Cu ion movement. Previously published

data had suggested that the title compound may be a potential candidate as a mid-temperature



range thermoelectric material. All BazCuis.sTe12 materials displayed low thermal conductivity
values (<1 W m™'K!) and desirable electrical conductivities (300 Q'ecm™ — 600 Q'cm™).
However, the thermopowers presented were low (< +65 uV K!), which produced small zT values,
with the highest being achieved z7'= 0.12 at 570 K for Ba3Cui3.175Te12. Good reproducibility was
ascertained when limiting the property measurements to remain below 600 K.

In an attempt to increase the thermopower, and therefore the figure of merit, a brief alloying
study with Ag was investigated (BazCuis-sxAgiTei2). The addition of Ag, however, did not
produce any significant improvements. With the recent studies of Cu” mobility in other barium
copper chalcogenides such as BazCuisx(S,Te)11, single crystal studies were performed at room
temperature to investigate potential changes in the Cu sites after the property measurements. Two
single crystals were picked from samples that were tested up to 573 and 673 K; no significant
changes in the occupancies in any of the Cu sites were observed.

The fifth chapter investigates the stability, and the thermoelectric properties of AgsSnSe
and Ags.1SnSe. A bulk sample of AggsSnSe was previously reported to exhibit a peak z7 of 0.5 at
750 K. It is apparent however, that mixed ion-electron conductors such as AggSnSe, due to mobile
Ag’, could have stability issues, which were not addressed in previous studies. Indeed, our initial
measurements revealed precipitation of Ag and Ag>S wires, depending on the measurement
conditions. By limiting the highest operating temperature and the amount of current placed through
the sample, stability was achieved. Competitive thermopower values were obtained (S: -500 pV
K to -375 uV K! between 423 K and 723 K), as well as ultra-low thermal conductivity values
(r: 0.39 W m'K! to 0.29 W m'K! between 423 K and 723 K). However, very low electrical
conductivity values (< 0.020 Q'cm™) caused dismal figure of merit values. Additional silver

atoms were introduced (nominal composition Ags.1SnSe) in an effort to increase the amount of



charge carriers and thus the electrical conductivity. The electrical conductivity overall increased

significantly (o: 6.9 Qlcm! at 770 K), but not sufficiently to produce a competitive figure of merit.
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CHAPTER 1: Introduction

1.1 Application of Thermoelectric Materials

To put it briefly, thermoelectric materials have the ability to directly convert heat into
electricity and vice versa. Since the discovery of this phenomena, thermoelectric devices have
been implemented in a variety of applications in both scientific and commercial settings.
Thermoelectric devices provide certain advantages, such as an absence of moving parts, no
greenhouse gas emissions, and the utilization of cheap and environmentally friendly materials. !

The most basic use of the thermoelectric phenomena can be found in thermocouples.
Thermocouples can either act as temperature sensors (e.g. in furnaces, refrigerators, air
conditioning units) or can create a cold junction in many electronic systems. During the mid-
twentieth century, radioisotope thermoelectric generators were developed for deep-space satellite
use, since solar panel usage was not feasible being so far away from the sun.®> In those cases,
electricity was generated through the conversion of the heat released from radioactive isotope
decay, which provided power to the satellite as well as any other equipment. More recent

t,*6 refrigeration,”® temperature-controlled cup

applications include devices powered by body hea
holders in automobiles,'® and sensors.!!"!> The future of thermoelectric materials may lie with the
Internet of Things, a reference to not only electronics that are connected to the internet, but also
for future objects that can have microprocessors embedded within said objects.!® Utilizing
thermoelectric materials with microprocessors allows for devices with longer life spans (e.g. no
battery replacement) and could pave the way for wireless sensor networks for office buildings and

homes.!*13



1.2 Thermoelectric Efficiency and Figure of Merit

Thermoelectric devices are typically composed of several thermoelectric modules, which
contain both n- and p-type semiconductor legs. These legs are connected electrically in series and
thermally in parallel. From a broad perspective, the efficiency (77) of a thermoelectric module is
the ratio of the power supplied (P) to the flow of heat or heat absorbed (Q) from the hot side of

module. This is expressed as

P (1-1)
T=0

With this information, the maximum efficiency of a thermoelectric device is determined by

(Tmax),
Ty —Tc V1+ZT —1 (1-2)
Nmax = T T
HoVI+ZT+75
H

where (7) is the absolute temperature, and (7#) and (7¢) are the temperatures at the hot and cold
ends respectively, and (Z7) is the figure of merit of a device. Since thermoelectrics are a heat
engine, the first term of (Eq. 1-2) demonstrates that these modules’ efficiencies are limited by the
Carnot efficiency, and as such can never reach an efficiency of unity. The second term describes
the figure of merit, which is governed by the materials’ properties. More precisely, ZT (or zT for
a material) is a dimensionless value that is used to determine the performance of thermoelectrics,
which is given by:

0S? 1-3
ZT =—T (13)
K

where (o) is the electrical conductivity, (S) is the Seebeck coefficient (or thermopower), and (x)
is the total thermal conductivity. A ZT value of one is desirable, but with recent advances in

nanostructuring this has since then been exceeded.!® The product of o-and S’ is also known as the



power factor (PF), which is a measure of the electronic transport properties. A graphical depiction

of a thermoelectric module is displayed in Fig. 1.1.

heat source coaling

heat sink heat expelled

Figure 1.1. Depiction of thermoelectric modules in (a) power generation and (b) refrigeration.
(Reproduced with permission from Lisa Grant)

In order to achieve a high figure of merit, certain criteria must be met. A high electrical
conductivity and Seebeck coefficient must be maintained in conjunction with a low thermal
conductivity. This poses problems, as tuning one parameter usually leads to a change in the others.
This is because the g, S, and « are all coupled by the carrier concentration (n). For example, by
increasing the carrier concentration, the electrical conductivity could also increase which is
favorable. The thermal conductivity will also increase as x is composed of two terms, x.; (electrical
component) and xia (lattice component). The electrical component of the thermal conductivity
will increase since the electrical conductivity has increased. This will be discussed further in detail
in Section 1.2.3.

In general, degenerate semiconductors with large carrier concentrations (7 ~10' - 10?! cm’
%) are sought after, rather than typical semiconductors (e.g. Si, n = 1.5 x 10! cm™ at room

temperature).!” Degenerate semiconductors are a type of an extrinsic semiconductor, and have

3



large carrier concentrations due to high doping levels, with the Fermi level is located in either the
conduction or the valence band.

The materials that satisfy the aforementioned criteria are known to possess ‘phonon-glass
electron-crystal’ (PGEC) qualities.'®!” PGEC refers to crystalline semiconductors that effectively
scatter phonons (glass-like), and have the capability to easily transport charge carriers throughout

the system (crystal-like).

1.2.1 Electrical Conductivity
The electrical conductivity (o) of a material is given by
o =neu (1-4)
where (n) is the number of charge carriers, (e) is the charge of the current carrier, and (g) is the
carrier mobility.?° Materials such as insulators, (degenerate) semiconductors, and metals can be
characterized by their electrical conductivity as a function of temperature (positive or negative
temperature dependence).?! The target carrier concentrations are in the range of 10!’ cm™ to 10!
cm. This broad range includes materials such as the typical semiconductor, as well as those that
are heavily doped (degenerate).

The carrier concentration is an important parameter, as it is material dependent, and will
dictate the behavior of not only the electrical conductivity, but also the thermopower and thermal
conductivity. Those materials with smaller carrier concentrations (e.g. n < 10" ¢cm™) tend to
exhibit a positive temperature dependence of the electrical conductivity. However, when the
carrier concentration is much larger (e.g. 10%! cm™), the charge carriers will be scattered by each

other, and therefore a negative temperature dependence of the electrical conductivity will be



observed. Therefore, at higher carrier concentrations and temperatures, the electrical conductivity
is governed by the mobility of the carrier and is given by:

U, =et/m=el/mv (1-5)
where (7) is the time between collisions, (m*) is the effective mass of an electron, (/) is the mean

free path, and (v) is the velocity of the itinerant electrons. As the temperature increases, electrons

can also be scattered by phonons, which reduces their mean free path (I « %) and decreases the

mobility (u, o T~3/?).

In order to obtain a competitive z7, it is desirable to have a large electrical conductivity o
(Eq. 1-3), but how large ¢ should be is material-dependent. For example, materials that exhibit a
positive, exponential temperature dependence (intrinsic semiconductors), tend to have low carrier
concentrations, as well as low electrical conductivity values (< 100 Q'cm™). It is not uncommon
to use a strategy such as doping, to increase the number of carriers (extrinsic semiconductors).
Those materials with higher carrier concentrations exhibit negative temperature dependences, and

can be observed to have electrical conductivities > 100 Q'em™! and even above 1000 Q'cm’!.

1.2.2 Seebeck Coefficient

The Seebeck coefficient (also known as the thermopower) is best described by the Seebeck
effect, which results from the build-up of charges across a temperature gradient. It was found that
by joining two dissimilar metals and applying a temperature gradient, an electrical current would
form between the two junctions as well as a magnetic field.?> The thermopower (S) can be defined

as

_Av (1-6)



where (V) is the voltage. The Seebeck coefficient can also be described as the ratio of a charge
carriers’ entropy to its charge.

To understand this phenomenon in more depth, the Seebeck coefficient is characterized by
two potentials, one being electrical, and the other thermal. These two potentials are related by the
Gibbs free energy of a system

dG = —SdT + udN (1-7)
where (G) is the Gibbs free energy of a charge carriers, () is entropy, () is the chemical potential,
and (N) is the total number of charge carriers. As the temperature changes, the chemical potential
within the system also changes, and this behavior is described as

6_[1_ _E_ -0 (1-8)
oT ON

where (@) represents the entropy per charge carrier. Thermoelectric materials are studied by
inducing a temperature gradient, in which one side is the “hot end” (71) and the other the “cold
end” (72). The chemical potentials of the charge carriers in regions of 7 and 7> are therefore
different. These differences in chemical potentials can be translated into a voltage potential, in
which

A 1-
A<D=7” or d®=du/q (1-9)

where (D) is the electrical potential and (¢) is the amount of charge per charge carrier (this value
is either positive or negative depending on whether the charge carriers are holes or electrons). The
Seebeck coefficient can then be determined with both the electrical potential (voltage) and the
thermal potential (temperature) to yield

lop 6 0d (1-10)

an:q:ﬁ



Determining the Seebeck coefficient for degenerate semiconductors however, is a more

complicated matter. The thermopower can be determined utilizing the Mott equation:*

8n2k2 7T \2/3 (1-11)
e ()
3eh? 3n

where (kB) is the Boltzmann constant and (%) the Planck constant. Optimally accessible p- and n-
type Seebeck coefficients that are desirable are found as the Fermi level approaches the transport
edge. It is well known that the distribution of charges around the Fermi level will change with an

applied temperature gradient, which will either enhance or diminish the scattering of phonons.

1.2.3  Thermal Conductivity
The thermal conductivity describes the conduction of heat throughout a given material.
The total thermal x conductivity is comprised of two parts, & and & which are the lattice and
the electrical components respectively:*
K = Kigtt T Key (1-12)
The lattice contribution of the thermal conductivity, is based on the vibration of atoms
within a crystal lattice, and due to this, is the only parameter that can be modified and not affect

the previously mentioned properties (e.g. electrical conductivity and thermopower). One can
estimate the minimum . as a starting point with the following equation: k;q¢r = %val

where (Cp) is the material’s specific heat capacity and (/) is the phonon mean-free-path. A
material’s specific heat capacity can be estimated using the following Dulong-Petit law:%>

_3R (1-13)
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where (R) is the universal gas constant and (M) is the average molar mass. The specific heat
capacity can also be determined experimentally either by differential scanning calorimetry (DSC)2°
or from a low temperature set-up of a physical properties measurement system (see Section 2.3.3)

The lattice portion of the thermal conductivity can be reduced by increasing the amount of
phonon collisions that occur, therefore reducing the amount of heat transported, which contributes
to an overall lower total thermal conductivity. Scattering mechanisms that are utilized include
introducing grain boundaries, impurity atoms and/or vacancies, and heavy atoms (restrict
vibrations).

The electrical component of the thermal conductivity (&) describes how the propagation
of charge carriers throughout a solid affects the total thermal conductivity. Materials that exhibit
metallic electrical conductivity have (xw) as the dominating component of the total thermal
conductivity. The relationship between (x.;) and the electrical conductivity is described by the
Wiedemann-Franz law:

Kep = LoTo (1-14)
where (Lo) is the Lorenz number.??® The Wiedemann-Franz law states that the electrical and

thermal conductivities of metals are proportional to each other at any given temperature such that:

Kk miki (1-15)

oT 3 e?

The term on the left is equal to the Lorenz number, while the term on the right is the constant that
is observed experimentally in most metals at room temperature. The Lorenz number can be

estimated to be 2.44 x 10 WQ K2 for metals and 1.48 x 10® WQ K2 for semiconductors.?’ The

Lorenz number can be sufficiently estimated with the equation:*’



N
116 w/K

(1-16)

Lo ={15+exp l— l}lO_gsz‘2

By determining the value of the Lorenz number, a more accurate x; can be estimated, and therefore
a more precise xla can be determined by
K = Kei + Kigtt (1-17)
after x is determined experimentally.
Different approaches can be taken to obtain a low total thermal conductivity. These
methods can include utilizing materials with complex crystal structures (anisotropy),

nanostructuring, and the introduction of heavy elements.

1.3 High Performance Thermoelectric Materials

The overall performance of the best thermoelectric (TE) materials has increased over the
past couple of decades, as new strategies as well synthetic methods have paved the way for
achieving zT values above unity. While (properly modified) BirTes° still holds the benchmark
for thermoelectric properties around room temperature, other materials such as SnSe®' and
AgPbisSbTex*? are very competitive TE materials at elevated temperatures. The bulk materials
of the aforementioned compounds have been further studied and enhanced through
nanostructuring,®*-3°

As previously mentioned, it is difficult to modify a single parameter that determines the
figure of merit. For example, the parameters o, S, and x are all directly affected by the carrier
concentration. Enhancements to TE materials are routinely performed with the addition of dopants

in order to achieve the desired carrier concentration. However, if the carrier concentration is

increased, o will also increase (which is desirable), but this will negatively impact S, which will



decrease and x which will increase. By nanostructuring, it is possible to decouple these three
parameters by modifying the mean free path lengths of electrons and phonons to different extents.>’
Nanostructuring is a method used to either implement nanostructures (e.g. nanodots) within a
matrix, or nanostructuring the material itself (such as the formation of nanocrystals or thin films).
These nanostructures have dimensions between 1 nm to 100 nm. For thermoelectrics, if grain
boundaries are introduced, phonons would be more effectively scattered, while the mean free paths
of electrons would ideally remain unaffected. This strategy is described as energy filtering and is

depicted in Fig. 1.2.
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Figure 1.2. Schematic view of a heteroatom, a nanodot, and a grain boundary in a regular crystal
differently impeding electrons and phonons with different mean free paths (energies).
(Reproduced with permission from Academic Press)?’

Atomic defects such as interstitial sites are effective at scattering short wavelength phonons. Grain
boundaries and embedded nanoparticles are effective at filtering out low energy phonons, but

allow high energy phonons to pass. This results in the decrease in total thermal conductivity, but

the electrical conductivity and thermopower would experience no change.
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1.3.1 Bi;Tes; and SnSe

Two examples of high-performance thermoelectric materials are Bi»Tes and SnSe. Bi,Tes
is known for its exceptional thermoelectric properties (z7 > 1) between 300 K and 400 K as well
as the ease of being doped to become either an n- or p-type semiconductor.’® One characteristic
which lends itself to having a low thermal conductivity is the layered crystal structure. BirTes
crystallizes in the thombohedral space group R3m with alternating layers of - Te-Bi-Te-Bi-Te -
along the ¢ axis (Fig. 1.3). It is worthwhile to note that due to the anisotropy of Bi>Tes, the
thermoelectric properties are directionally dependent. All Bi atoms are octahedrally coordinated
to six Te atoms, while the Te atoms in the central layer are coordinated by six Bi atoms. The Te

atoms that are contained in the first and fifth layers are coordinated to only three Bi atoms.

/'/

IA‘\ =

%7’41'

Figure 1.3. Crystal structure of Bi,Tes.

Semiconducting p-type Bi>Tes; can be achieved by alloying with Sb to give a bulk material
with excellent thermoelectric properties between 300 K and 525 K.33° A negative temperature

dependence was also observed for the electrical conductivity with values of 1000 Qlcm™ — 400
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Qlem™ from 300 K to 525 K. These electrical conductivity values are desirable, where o values
> 1000 Q'em™ are considered high, and values < 100 Q'cm™! are considered low. The Seebeck
coefficient values observed are in the range of 150 pV K' — 230 pV K- with Sya being 230 uV
K- at 375 K, which is desirable for thermoelectric materials that have p-type carriers.!® Low
thermal conductivity values of 1.3 W m™'K™! (at 350 K) — 2.2 W m'K! (at 525 K) were achieved.
Overall, the figure of merit obtained was 1.0 at 325 K, making this material one of the higher
performing TE materials at low temperatures.

When Bi..Sb,Tes; was subjected to Sb nanoinclusions,*® the electrical conductivity and
Seebeck coefficient values were largely unaffected, while the thermal conductivity decreased even
further down to 1.0 W m'K! (at 375 K) — 1.2 W m'K™! (at 525 K). This resulted in a higher zT
of 1.4 at 375 K. The thermal conductivity values of Bi.Sb>.,Tes are regarded as being low, with x

values <4 W m'K"! being desirable.

The high performance TE material, SnSe, has also been extensively studied due to the high
zT values obtained by doping the material with transition metals as well as nanostructuring.?! In
2014 Zhao et al. obtained an extraordinarily high z7 of 2.6 with a single crystal of SnSe at 923 K,
as well as an ultra-low thermal conductivity (< 1 W m'K™") value 0of 0.23 W m™'K™! at 973 K along
the b-axis.*® The Seebeck coefficient values obtained were also high, ranging from 600 uV K! to
800 pV K-! (between 300 K and 973 K), along with a very broad range of electrical conductivity
values, ranging from 70 Q'em! to 800 Q'cm™ (from 300 K to 973 K).*°

Like BixTes, SnSe is also anisotropic, which yields high z7 values along both the 5- and c-

axes. SnSe adopts a distorted rock salt structure type and crystallizes in the orthorhombic crystal
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system. At room temperature, a-SnSe has a space group of Pnma, but upon heating to 750 K —
800 K, a phase transition occurs, resulting in the higher symmetry space group of Cmcm (f-SnSe).

The low temperature phase a-SnSe exhibits a double layered structure parallel to the b,c-
plane (Fig. 1.4a). This double layered structure contains two-atom thick SnSe slabs which have
strong Sn-Se bonds and weak Sn-Se bonding between the slabs along the a-axis (Fig. 1.4b). The
structure also contains highly distorted SnSe7 polyhedra, with three short Sn-Se bonds and four
long Sn-Se contacts. In between the four long Sn-Se bonds, there is an Sn?* lone pair. This SnSe7
polyhedron allows for a disruption of phonon transport along the a-axis, which experiences weakly
bonding Sn-Se interactions, and therefore is a factor in the ultra-low thermal conductivity.** Along
the b-axis, the two-atom thick slabs creates a zig-zag pattern allowing for rigidity. The high
temperature -SnSe phase also contains two-atom thick slabs in which there are strong Sn-Se
bonds; both Sn and Se are in a square pyramidal coordination with three short bonds (2.8 A) and

two long bonds (3.3 A) between the atom pairs.

(a) (b)

Figure 1.4. Crystal structure of a-SnSe viewed along the (a) c-axis and (b) b-axis.
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1.4 Coinage Metal Chalcogenides as Thermoelectric Materials

In more recent years, thermoelectric materials synthesized from coinage metals (e.g. Cu, Zn,
and Ag) have been a popular area of study. This is in part due to the constituent elements being
relatively inexpensive and nontoxic. Many other high performance TE materials often contain
toxic elements, such as PbTe*'*? (zT = 1.4 at 750 K),* SbyTes** (zT = 1.4 at 400 K),*
ThAgi2Ter+s (zT = 1.1 at 520 K),* and Tl10.PbiTes (zT = 1.42 at 685 K).*® These compounds
benefit from the heavy, constituent atoms of Pb, Sb, T1, and Te, which are contributors to the ultra-
low (k<1 W m'K"!) thermal conductivity values (PbTe, x=0.8 W m'K"! at 750 K;* Sb,Tes, x
=12 W m'K! at 650 K;** ThAgi2Ter:s (k = 0.22 W m'K! at 520 K),* and Tlio.PbsTes (x =
0.45 W m'K™! at 685 K).4

Chalcogenides that contain Cu and Ag atoms, such as the chalcopyrites,*’~*° tetrahedrites,>! >
and bornites,**>> have been studied due to their high zT values over a broad temperature range.>*>*
In particular, mixed ion-electron conductors (MIECs) such as Cuz..Q (where O =S, Se, and Te)**"’
have been gaining more and more interest due to their utilization of the Phonon-Liquid-Electron
Crystal (PLEC) concept.’® These ionic conductors have excellent thermoelectric properties, but

unfortunately are prone to degradation due to the movement of Cu’ ions. The previously stated

high performance Cu and Ag chalcogenides will be discussed in detail.

1.4.1 Copper Chalcogenides

Copper chalcogenides as thermoelectric materials encompasses a wide variety of materials,
such as the chalcopyrites (4BQ», where 4 = Cu or Ag, B = 3+ cation, and O = S, Se, Te),*’
colusites (Cuz6E2T6S32, where E = Ge, Sn and 7=V, Nb, Ta),> tetrahedrites (Cu12.x7:Sb4S13 where

T = Mn, Fe, Ni, Zn),’">? and bornites (CusFeS4).>>> In particular, the copper sulfides have been

14



studied extensively, due to their constituent elements being environmentally friendly and
inexpensive. Although copper sulfides are inexpensive to synthesize and provide an advantage
with respect to the economic component of manufacturing, the sulfides are problematic due to the
degradation and instability of these compounds. The lack of stability affects the operating
temperature, in which higher temperatures are inaccessible, as compared to other materials such

1" As a consequence, copper sulfides tend to be

as the perovskites® and half-Heusler materials.
utilized in the mid temperature range from 300 K to 700 K.

The previously mentioned Cu».xQ adopt crystal structures with CuQ4 tetrahedra. At higher
temperatures a cubic phase is adopted, in which Cu atoms become highly disordered. When Cu
deficient, the holes contribute as carriers, and as a result, the material exhibits p-type
semiconductivity. Due to the large amount of disorder in the cubic phase, the thermal conductivity
values tend to be very low.”® Low thermal conductivity values coupled with desirable electrical
conductivity values, lead to an overall high figure of merit.5*%

Kesterites are Cu-based quaternary chalcogenides (Cu>ZnSnS4) that are most known for
their photovoltaic properties,** but have also been studied for their thermoelectric properties. This
is due to the ease of doping to decrease the band gap (1 eV — 1.5 eV), and adding charge carriers
(holes) in order to enhance the TE properties.’>%® Kesterites crystallize in the ordered tetragonal
space group /4 and at higher temperatures will undergo a phase transition to the disordered /4m
space group.’® Kesterites can be described as having a diamond-like crystal structure with all
atoms being tetrahedrally coordinated. %%’

CuxZnSnQ4 (where O = S and Se)®®% was studied in 2009 by Liu et al. to determine the

TE properties of the aforementioned compounds as well as Cuz.1ZnooSnQ4.% Overall, the sulfide

had very low electrical conductivity values (5 Q'em™ —26 Q'em™ at 700 K) in comparison to the
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high values of the selenide (750 Q'ecm™ — 860 Q'cm™) for the undoped and doped samples,
respectively. The overall increase in ois caused by the hybridization of Cu 3d and Se 4p states at
the top of the valence band, which creates new conduction pathways and increases carrier mobility.
The Seebeck coefficient values for all compounds were low (50 pV K™! to 200 uV K 'from 300 K
to 860 K) with the exception of Cu2ZnSnSs (350 pV K at 700 K). The thermal conductivity
values were overall low (1 W m'K™! — 2.5 W m'K"! at 700 K), which is due to the alternating
[CuQ4] and [ZnQ4] slabs within the crystal structure. The peak z7 values obtained for both the
doped sulfide and selenide were 0.36 and 0.45, respectively.

While the figure of merit values obtained were well below unity, there are aspects of the
systems that are favorable. The electrical conductivity values of the selenides were high and
desirable, however the Seebeck coefficients are too low. Another desirable trait is the low thermal
conductivity, which has been attained before any nanostructuring was implemented. More recent
efforts have included enhancing the TE properties through mechanochemical synthesis,”® as well
as hot-pressing nanocrystals.”!

The colusites and the tetrahedrites have been found to have low thermal conductivity
values, which can in part be attributed to the large amounts of atoms in the unit cells (66 and 58
atoms, respectively), as well as local distortions. Both materials crystallize in the cubic crystal
system with the space groups of P43m and I43m for the colusite and tetrahedrite, respectively.

Like the kesterites, colusites (Cuxs72E6S32, where 7=V, Nb, Ta and E = Ge, Sn) can also
be described as having a diamond-like structure, which contains [CuS4], [SnS4], and [7S4]
tetrahedra. Finding alternatives for the toxic element vanadium in colusite materials while still
retaining good TE properties has been a popular research topic.>>’> Substituting tantalum for

vanadium (Cux6Ta2Sn6S32) increased the electrical conductivity (200 Q'em! at 670 K), retained
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the value of the Seebeck coefficient (200 uV K! at 670 K), but also decreased the thermal
conductivity (0.6 W m'K™! at 670 K), yielding a high figure of merit of 0.8 at 670 K.”> The
reduction of the thermal conductivity was in part due to the existence of secondary phases (CuS
and Cu»S) as well as the heavy Ta atoms. The secondary phases affected the material in two ways.
The first caused the colusite to be off stoichiometry, which increased the amount of charge carriers
and therefore increased the electrical conductivity. The second is the physical presence of the
binary sulfides, which effectively scatter phonons and decrease the thermal conductivity.

Tetrahedrites with the chemical formula of A41072X4Q13 (4 = Cu, Ag; T = a divalent,
transition metal cation such as Cu, Co, Zn; X = As or Sb; and Q = S or Se) have also been
studied.’!%7* Tetrahedrites with the composition of Cu1072Sb4S13 have garnered a lot of attention
due to the outstanding TE properties, as well as being less expensive (no Ag, Se) and toxic (no As,
Se). In the crystal structure, Cu atoms occupy two distinct crystallographic sites: the first being
tetrahedrally coordinated to S, and the second with Cu located in a planar triangle of S atoms. The
S atoms also sit in two different crystallographic sites, in which they are tetrahedrally and
octahedrally coordinated to Cu atoms. The Sb atom is coordinated to three S atoms in a trigonal
pyramidal fashion and contains a lone pair. The low lattice thermal conductivity is in part a
consequence of the lone pair effect on Sb**.”> The lone pair generates anharmonic out of plane
vibrations within the trigonal pyramidal Cu atoms. This leads to strong phonon scattering, and
therefore low lattice thermal conductivity.

Published in 2018, Tippireddy et al. studied the TE properties of Cui2.+7:Sb4S13 (Where T
= Mn, Fe, Co, Ni, Zn).>! The variant with Co (Cu11.5C00.5SbsS13) obtained the highest zT of 0.98
at 673 K, in part due to the high band degeneracy that incurred around Erdue to the Co 3d states.

An electrical conductivity of 670 Q'em™ (comparable to the kesterites) was obtained at 673 K, as
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well as a moderate Seebeck coefficient of 170 uV K. A low thermal conductivity of 1.2 W m"
K- was observed at 673 K, due to the effect the lone pair effect of the Sb atoms. The affects that
a lone pair may have on the anharmonicity of a crystal have been well studied in other materials,
such as the rock-salt based crystal system of 4XQ> (where 4 = Cu, Ag, and group I, X = As, Sb,
Bi, and O =S, Se, Te).”* In tetrahedrites, the lone pair of the atom Sb participates with a weak
bonding interaction with the trigonal planar Cu, which results in an out-of-plane anharmonicity,

overall reducing the lattice component of the thermal conductivity.”

1.4.2  Barium Copper Chalcogenides

Due to the successes of Cu chalcogenides as TE materials, the use of Ba has been explored
in order to reduce the thermal conductivity and to block the migration of Cu in MIECs.
Compounds such as Bas76Cuz42Teis,’® BaxCusSe,Tes.,,”’ BaCuSiTes,”® and most recently
BaszCuieSei1Te;,”” have been studied for their potential uses as thermoelectric materials. All of
these materials exhibit recognizable Cu chalcogenide attributes, such as tetrahedral frameworks,
and p-type semiconductivity within moderate temperature ranges (300 K — 600 K). To date, the
best performing barium copper chalcogenides are BazCui6..(S, Te)11 and BaCue..Sei.,Tee+y, both
of which have zT values close to unity.3°3?

The material BasCui6..(S,Tei11) crystallizes in the rhombohedral R3m space group and has
an extensive network of Cu-Cu contacts, forming Cuoe clusters. The structure also contains a 3-D
network of corner-, edge-, and face-sharing CuQs (where O =S or Te) tetrahedra. All Cu positions
in the structure are deficient, and therefore it was speculated that there could be a possibility of

mobile Cu” ions. Finally, the Ba atoms sit in the center of the bicapped trigonal prismatic voids

formed by the chalcogen atoms.®?
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The electrical conductivity and thermopower values for Ba3Cuis3S75Tess (125 Q'em™ —
150 Q'em™ and 130 pV K — 175 pV K! between 300 K — 750 K respectively) were moderate
compared to other Cu chalcogenides. The electrical conductivity exhibited a negative temperature
dependence from 300 K to 535 K, because of the decreasing mobility. Above 535 K, the increasing
amount of intrinsic charge carriers began to change the temperature trend, yielding a positive
temperature dependence up to 653 K. At temperatures above 653 K appeared to be yet another
turn-around, in which the electrical conductivity decreased, which was believed to be due to the
materials reaching a softening point. Ultra-low thermal conductivity was observed throughout the
temperature range of 300 K — 750 K of < 0.4 W m™'K™!, which could be attributed to the complex
crystal structure, as well as the combination of Cu atom deficiencies and the mixing of Se/Te sites.
The figure of merit for Ba3Cuis3S75Tess reached 0.88 at 750 K, making it a competitive
thermoelectric material. %

The material BaCus 9SeTes crystallizes in the cubic Pm3 space group and contains Cu—Cu
bonds that make up Cus.. cubes with the chalcogen atom residing in the center. There are also
Te>?” dumbbells connecting the Cusx cubes to a three-dimensional covalent network. The Ba
atoms are located at the center of the CusTe2 pentagonal dodecahedra.®!

The electrical conductivity of BaCusoSeTee displayed a negative temperature dependence
with values between 250 Q'em™ — 100 Q'em™ (300 K — 580 K). The negative temperature
dependence is a consequence of the carriers being scattered due to a relatively high carrier
concentration (~3 x 10%° cm™). These values are comparable to BasCuis«(S,Te)11 but still lower
than other high performance Cu chalcogenides. The Seebeck coefficient of BaCusoSeTes

exhibited slightly higher thermopowers when in comparison to BaszCuie.(S,Te)i1, with a

thermopower of 150 pV K — 200 uV K!' (300 K — 580 K). The thermal conductivity values
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within the temperature range of 300 K — 580 K were < 1 W m™'K"!, with the lowest value being
0.5 W m'K! at 580 K. Ultimately a high zT of 0.81 was obtained at 600 K, overall making Cu
chalcogenides containing Ba a potential family of competitive mid temperature ranged TE

materials.®!

1.4.3  Mixed Ion-Electron Conductors

Mixed ion-electron conductors (MIECs) have been implemented for various applications,
with the most notable being batteries and solar cells.3* The potential of MIECs ( Cu1.97A80.03S€1+)
for thermoelectrics have been investigated by NASA in the 1970’s, but the studies were abandoned
due to a lack of stability.> It was reported that due to the copper ion migration, the material was
inhomogeneous with Cu- and Ag-rich areas formed. At higher temperatures selenium would
evaporate due to the lack of Cu, and as a result, Cu solid is precipitated. More recently, researchers
have been taking a second look at these materials, due to the high figure of merit values that have
been achieved. Strategies to prevent the degradation of these materials, as well as understanding
the mechanisms of Cu ion movement of the mixed carrier systems, have been devised in order to
synthesize stable and competitive thermoelectric materials.®

Some materials that are characterized as MIECs can be described as having two sublattices.
The first is comprised of one type of atom that is fixed and forms a crystalline lattice, and the
second in which a different type of atom forms a ‘liquid-like’ sublattice. This ‘liquid-like’
sublattice is made up of highly mobile ions that can diffuse through the empty sites of the rigid
lattice.®® Materials with mixed ionic and electronic carriers have been coined as to having

‘phonon-liquid electron-crystal’ (PLEC) properties. Some examples of PLEC materials with
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potential for thermoelectric applications are Cu2..Q (Q = S, Se, Te),”® Ag,Se,’® AgsSiSes,”

Cu7PSes,*® and Cu12SbsS13.%

Compounds with highly mobile Cu” and Ag" ions exhibit ultra-low thermal conductivity
values as a result of the reduction in specific heat capacities, as well as unprecedented high figures
of merit (z7'>2).°° Although the TE properties are excellent, stability and degradation due to the
highly mobile atoms have proven to be problematic. Cu" ions have been observed to deposit as
Cu metal on the surface of the materials, which leads to negative effects on the thermoelectric

85,91

performance. Recent studies have attempted to restrict Cu’ ion movement by creating ion

blocking interfaces such as grain boundaries or the insertion of large atoms. 8!8

1.4.3.1 CuzxS and Cuz.xSe

Binary copper chalcogenides have been studied for their potential thermoelectric
applications since the 1960s by various entities, one example being NASA.? As previously stated,
issues with degradation and stability have caused these projects to be abandoned, despite the
excellent thermoelectric performance. However, because of the high performance of these
materials, researchers have recently been studying ways to improve the stability, through
understanding the various mechanisms involved in Cu® ion transport.®’

The high temperature crystal structures of Cuz..Q (where Q =S, Se, and Te) are complex,
which is one of the major causes that yields low thermal conductivity values. All three compounds
exhibit phase transitions, albeit the number of transitions and the temperature at which the
transition occurs is different. Although Cuz.Te is considered a MIEC, the thermoelectric
properties are not as favorable when compared to the sulfide and the selenide, and will therefore

not be discussed here.>’

21



Copper sulfide undergoes two phase transitions. At temperatures below 370 K, CuxS
crystallizes in the monoclinic space group P2i/c (a-phase), and above 370 K in the hexagonal
P63/mmc (f-phase). The second phase transition occurs around 700 K, beyond which Cu,S adopts
the high temperature Fm3m cubic structure (j-phase). Copper selenide undergoes one phase
transition around 400 K from the a-phase to the high temperature Fm3m cubic structure, the )=
phase.”>?* As of late there is still no agreement on the crystal structure of the a-phase of CuxSe,
due to multiple variants being found.’®*> The high temperature cubic phases of CuzS and CuxSe
can be described as the antifluorite structure type with Cu occupying the tetrahedral sites and S/Se
forming an ordered rigid sublattice.

Due to the Cu positions being highly disordered within the cubic phases, both Cui.97S and
CuzSe have impressive thermoelectric properties (peak z7' > 1). Both materials exhibit fairly low
electrical conductivity values in comparison to other high-performance Cu chalcogenides (Cu»S,
o=100 Q'em™ at 1000 K; CuzSe, o= 130 Qlem™ at 1000 K). The thermopower, however, is
high for both the sulfide and selenide in comparison to the typical Cu chalcogenide, with 300 pV
K-! being obtained for both compounds at 1000 K. Due to the ‘liquid-like’ nature of both materials,
ultra-low thermal conductivity values were exhibited at 1000 K (CuzS, x= 0.6 W m'K"! at 1000
K; CuzSe, x= 0.8 W m'K'! at 1000 K). Ultimately, the figure of merit exceeds unity for both
compounds (CuzS, z7'= 1.7 at 1000 K; CuzSe, z7= 1.5 at 1000 K).>3

As previously mentioned, while these TE properties are impressive, there are still many
improvements that are necessary in order for Cuz..Q to be competitive as TE materials. Problems
with stability still exist even with the modifications of the temperature gradients and current.

While the ‘ion hopping’ mechanisms have been elucidated, the prevention of ion migration
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through the use of ion blocking interfaces is still insufficient. Future efforts to enhance the stability

of these materials should be a priority.”>%

1.4.3.2 Argyrodites and Canfieldites

The argyrodite family®®

encompasses a large variety of compounds with the general
formula of A3£Q¢ (Where A = Cu, Ag, E = Si, Ge, Sn, and O = S, Se, Te) and have been studied
for their potential uses in solid-state batteries,’’ photovoltaics,98 and thermoelectric
materials,57-88:9%:100

These materials, like other mixed ion-electron conductors, all exhibit ultra-low thermal
conductivity values at elevated temperatures due to a high temperature cubic phase in which the
anion forms a rigid lattice, and the cations (e.g. Cu’, Ag") occupy a number of cation deficient
sites. The presence of multiple deficient sites as well as weak cation-anion (e.g. Ag-Se) bonding
throughout the lattice allows for highly mobile cations, giving rise to ‘liquid-like” behavior.>® A
brief summary of the space groups and phase transition temperatures for selected argyrodites can

be seen in Table 1.1.

Table 1.1. Space groups and phase transition temperatures of selected argyrodites

Compound Space group (LT) Space group (HT) Phase transition temp. Ref.
AgsSiSe Pna2,, P1 n/a n/a 96,101,102
AgsSiSes 14m2, P4,32 n/a n/a 96,101,102
AgsSiTeg Pm3m (163 K) FA43m 293 K 103
AgsGeSe Pna2, F43m 488 K 96,104,105
AgsGeSes Pba2, Pmn2, F43m 473 K %,102

AgsGeTes R3 F43m 400 K 102,106
AgsSnSs Pna2, F43m 421K 96,100
AgsSnSes Pmn2, F43m 356 K 96,107

*AgsSnTes n/a n/a n/a 108,109

*Not thermodynamically stable
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The material AgsSnSes is an n-type semiconductor and has been reported to exhibit ultra-
low thermal conductivity from ~0.2 W m™'K™! to 0.45 W m™'K"! over the temperature range of 300
K — 700 K and a high z7T value of ~1.1 at 700 K.”® These values are attributed to the low lattice
thermal conductivity, which is a direct consequence of a low sound velocity (~1500 m s72).!1°
Doping and alloying studies have been performed in order to enhance the thermoelectric
properties, where (AgiNb,)sSnSes'!! and AgsCu.SnSes!!? have also displayed excellent zT
values of 1.1 at 800 K and 0.85 at 645 K, respectively.

The canfieldite AgsSnSe (bulk sample) has been reported to have a peak z7 of 0.5 at 750
K.!%  AgsSnSe as a thin film produced an even higher figure of merit of 0.55 at room

temperature.'!> Like Cu.Q, for the canfieldite to be a competitive thermoelectric material, the

stability should be explored, as well as the thermoelectric properties further enhanced.

1.5 Scope of this Thesis

It can be ascertained from the introduction that coinage metal chalcogenides not only
exhibit excellent thermoelectric properties, but also have the potential to be competitive
thermoelectric materials. In order to improve these materials, different strategies were
implemented (e.g. alloying, doping) as well as utilizing the intrinsic characteristics (e.g. complex
crystal structures, heavy atoms). Three different materials were examined in this thesis: CusSn2Q7
(where Q = Se, Te), BazCuissTei2, and AgsSnSe, which will be discussed in Chapters 3, 4, and 5,
respectively.

The third chapter discusses the material CusSn,Q7. Previously, CusSnaSes''*!!"® and
CusSn,Te7!!¢ were shown to exhibit large electrical conductivity and low thermopower values, the

latter being detrimental for thermoelectric materials. The strategy employed was to dope each
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compound with Zn, in an effort to increase the thermopower, which could ultimately lead to a
higher figure of merit.

The fourth chapter discusses the compound BasCuissTein,''” which was originally
discovered and characterized by the Kleinke group in 2006. The initial study determined BazCujs-
sTe12 to have relatively promising thermoelectric properties (such as high electrical conductivity).
However, there was no relationship (or trend) observed between the TE properties and the varying
copper deficiencies across multiple samples. This could be attributed to the samples being cold-
pressed, and the grain boundary effects dominating over all other trends. This chapter exhibits a
proper correlation between hot-pressed copper deficient samples and the electrical conductivity,
as well as a previously missed phase transition. A high temperature study of the TE properties
was performed to investigate the potential Cu® movement, as with other barium copper
chalcogenides. Lastly, in an attempt to improve the TE properties, a brief alloying study of Cu
with Ag was performed.

The fifth chapter discusses the canfieldite AgsSnSs. To date, only two studies on the
thermoelectric properties of AgsSnSe have been published. The first involved a bulk sample,'®
and the second a thin film at room temperature.!'> As with the argyrodites, the canfieldite is
expected to have mobile Ag" ions, which the previous studies do not report. This chapter addresses
the stability issues of AgsSnSe with physical evidence of highly mobile Ag". Since AgsSnSs is a
charge balanced and therefore an intrinsic semiconductor with very few charge carriers, the
material of nominal composition Ags.1SnSe was explored. With the introduction of more Ag, the

charge carrier concentration should increase, as well as the thermoelectric properties.
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CHAPTER 2: Experimental Methods

2.1 Sample Preparation
2.1.1 Synthesis

All starting reagents were stored in an argon-filled MBRAUN glove box, with oxygen and
moisture levels below 0.6 ppm and 0.1 ppm, respectively. The starting reagents were weighed
inside the glove box in accordance with the appropriate stoichiometries of the targeted compounds.
The compounds to be discussed were synthesized by either utilizing the traditional solid-state
quartz tube method or through mechanochemical synthesis (ball-milling).

For the quartz tube method, the starting materials were loaded into fused silica tubes inside
the glove box. The tubes were then transferred to a vacuum line, evacuated to 2 x 107> mbar, and
sealed by a H2/O> flame. The resulting ampoules were then placed into high temperature muffle
furnaces. In the cases where the reagents reacted with the silica ampoule, the tubes were
subsequently carbon coated on the inside. The heating profiles used varied with each targeted
compound and will thus be discussed in each respective chapter.

For the mechanochemical synthesis, the starting materials were loaded into zirconia lined
stainless-steel ball mill jars and zirconia balls were added. The jars were placed into a FRITSCH
Pulverisette 7 planetary micro mill. The specific ball-milling details will be discussed in the

appropriate chapter.
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2.1.2  Densification

The resulting ingots from the ampoules were ground into powders. These and the powders
from the ball mill were placed into a hardened graphite die with an inner diameter of 12.7 mm.
The die was then placed into an Oxy-Gon FR-210-30T-ASA-160-EVC hot press furnace system
under an atmosphere of argon. The particulars of the temperatures and weights used are unique to
each compound and will be discussed in the appropriate chapter.

The density of each pellet was determined by using a Sartorius YDKO1 density

determination kit for analytical balances.!'8

The Archimedes principle has historically been
implemented in order to determine the density of irregularly shaped objects. This is done by
submerging the object in a liquid in order to determine the buoyancy. The mass of the object in
the liquid (M) is equal to the actual mass (M,) of the object minus the mass of the water that is
displaced. By knowing the density of the liquid (o), the volume of liquid that is displaced can be
calculated, which is also equal to the volume of the object. With this information the density of

the pellet (pp) can be determined by the following equation:

M —0.0012 g cm™3 (2-1)
_ Malpy gem?) +0.0012 g cm™3
(M, — M;) x 0.99983 g

Pp

The masses (M., My ) have units of grams, while the density of the liquid (pr) and the constant

3. The constant 0.0012 g cm™ is used as a correction factor for the

0.0012 have units of g cm’
buoyancy of air for the solid weighed in air, and 0.99983 g is the correction factor associated with

the buoyancy of the wires of this particular kit. The liquid used to determine theal densities for

all compounds was water.
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2.2 Sample Characterization

Multiple methods are typically used in order to characterize the synthesized materials. The
two most widely used methods to gain insight into a solid’s structure are single crystal and powder
X-ray diffraction. Scanning electron microscopy (SEM) and energy-dispersive analysis of X-ray
spectroscopy (EDAX) are also used to gain insight into elemental distribution, homogeneity, and

the shapes and sizes of crystals. All four methods will be discussed in depth.

2.2.1 Powder X-Ray Diffraction

The purity and phases of each sample to be discussed in the following chapters were
determined by an INEL X-ray powder diffractometer with a position-sensitive detector and Cu
radiation source under the acceleration voltage and current of 30 kV and 30 mA, respectively. All
powder patterns (PXRD) were collected in air at room temperature, with 26 values between 5° and
120°.

Powder X-ray diffraction functions off of the principle that X-ray beams are diffracted by
electrons in crystalline solids. To produce X-rays, a beam of high-energy electrons is aimed at a
target metal, where it dislodges core electrons in the atoms creating an inner electron hole.
Electrons from higher energy levels will fall into the vacancy, emitting electromagnetic radiation
in the X-ray range with a specific energy. When targeting a crystal with a beam of monochromatic
X-rays, the electrons of the atoms in the crystal will scatter those X-rays, and these reflections are
measured in a detector. Since X-rays interact with the crystal planes in three dimensions, the
translational symmetry of the crystal can be determined.

In crystalline systems with repeating structural units, the planes are parallel and equally

spaced to each other, identified by Miller indices (4, k, [). The separation between the planes is
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known as the d-spacing (dnw). The difference of the path length is dependent on two parameters:
d-spacing (du) and the angle of incidence of the x-ray beam (6), which is given by Bragg’s Law'"
(Fig. 2.1):

ZdhleinH =nAl (2-2)

where 7 is an integer and A is the wavelength of the X-ray.

Incident X—rays\\k /7/ Diffracted X-rays

.
.
.
. 7
’
’

Crystal Plane

dlrkl

Crystal Plane

Figure 2.1. Depiction of Bragg’s law that shows the constructive interference and scattering of
X-rays.

The data collected at different angles of incidence, reported as theta values (6) represent
different sets of planes in the crystal lattice. The result is a diffraction pattern that exhibits a series

of peaks of different positions and relative intensities. '

2.2.2 Single Crystal X-ray Diffraction

Single crystal X-ray diffraction is another analytical method used to characterize a solid-
state material. This technique is not as widely used as powder diffraction because of the difficulty
in synthesizing a single crystal of suitable size and quality (the crystal’s largest edge should ideally
be larger than 0.1 mm).

This method, similar to that of powder diffraction, involves the interaction of X-rays with

the electrons of the atoms in a crystal structure, which in turn produces a diffraction pattern. The
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diffraction pattern is a culmination of small spots, and each spot represents a reflection from the
d-spacing between the planes.

The electron density map obtained results in structural information such as unit cell
dimensions, crystal symmetry, and atomic positions, which provides useful information such as
the bond lengths and angles.!?°

All single crystal information that is presented in the following chapters was obtained using
a Bruker Kappa APEX II CCD, with a Mo Ko X-ray radiation at room temperature. The collected
data was then treated for Lorenz and polarization effects by the APEX II software package
(Bruker), followed by an absorption correction with the program SADABS embedded in the same
software package.!?!"1?2

Thereafter, the structure can be solved via Direct Methods using the program SHELXS or
taken from a previous publication. Subsequent refinements were carried out by using the least-

squares method via SHELXL, in which the refinement was characterized by the unweighted and

weighted factors ‘R’ and ‘R,,’ respectively, which is given by the following:

A (2:3)
S T
o _ [Ew(E - EHA) 24
Rw(F")‘l STw(F2)?]

where F, and F. are the observed and calculated structure factors, respectively, and w is a

weighting factor.
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2.2.3  General Structure Analysis System (GSAS)

Analysis of X-ray powder diffraction data is commonly carried out through the use of the
Rietveld refinement method.!?*!?* This analytical technique uses a least squares approach in order
to refine a theoretical profile fit that will best match the experimental data. Various experimental
parameters are used in order to achieve the best fit between the experimental data and the model.
If the crystal structure is unknown a ‘pattern decomposition’ is performed, in which the
individually observed Bragg reflections and intensities are separately assigned in order to solve
the structure. If a model of the crystal structure is known, then the Bragg reflections are fixed, and
with known (model) intensities the observed intensities can also be refined more easily. These
refinements are performed by the program ‘General Structure Analysis System’ (GSAS) and its
graphical user interface EXPGUI. 125126

Before the refinement is performed, the experimental powder pattern must be converted
into a format that the software can use. The intensities from the powder pattern are converted into
numerical intensity values (y;) at each increment (i) of the scattering angle (26). During the
refinement, the least-squares fit determines all y; values simultaneously.'**

Important information is then extracted from the individual peaks of the powder diffraction
pattern that is to be utilized during the least-squares refinement (such as peak position, height,
width, etc.). The integrated area of the peak is proportional to the Bragg intensity (/k), where K
represents the Miller indices 4, k, [ for a Bragg reflection. Furthermore, (/x) is proportional to the
square of the structure factor (Fx). The Bragg reflections are used to determine the intensities of
vi at any given increment (7) of 26. The calculated intensities from a model (y.;) are determined
from the structure factor values (|Fx|*) and summing the contributions from neighboring Bragg

reflections and the background (within a designated 26 range) as seen in Eq. 2-5:
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2-
Yei = SZ Li|Fi|*$(20; — 20K) Pk A + y; )
K

where s is the scale factor, Lk is the Lorentz, polarization, and multiplicity factors, ¢ is the
reflection profile function, Pk is the preferred orientation function, 4 is the absorption factor, and
i is the background intensity at the /" increment.

The Rietveld refinement method utilizes a least-squares approach.'>* In short, this
technique is used to estimate the values that are variable dependent within a model (M(x)). In the
case of the Rietveld refinement, information about the powder pattern (such as peak position,
intensity, width etc.) of the observed data is modeled using the following:

ke (2-6)
M(S;, x) = b(S;, xp) + Z I (x)P(S; — Sk, xp)

k=l
where the background, structure, and peak shape parameters are x», x5, and x;, respectively. The
term S; is given as 2sin 6;/A; (where #; and A; are the angle and energy dispersive diffraction
variables respectively). The background function is denoted as b(S;, x5), while li(xs) is the
integrated intensity of the kth Bragg reflection, and ¢(S;-Sk.xp) 1s a peak shape function.

The goal is to continuously refine the dependent variables until the residuals (or offsets)

are minimized (Sy), and therefore the model and observable data should coincide (Eq. 2-7)
Sy = Z wi (Vi = Yei)? @-7)
i

where w; is 1/y;, and y; and y; are the observed and calculated intensities at the ith step respectively.
By using the calculated intensity values, the ‘best fit’ is obtained by the Rietveld refinement.

In order to ascertain the reliability of the Rietveld refinement typically the ‘R-weighted
value’ (Ryp), the ‘Goodness-of-fit’ (S) and the ‘Chi-squared’ (x°) value are calculated.'?*!?’ The

R-weighted value is determined by the following equation:
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2y\1/2 2-8
R Y w;(yi(obs) — yi(calc)) (2-8)
wp = 2 .
Y wi(y;(obs))
The ‘Goodness-of-fit’ is calculated from R, and R. (‘R-expected’) as:
1/2 -
S=[S,/(N=P)]"" =Ryp,/R. (2-9)
with R. defined as:
1/2 (2-10)
R, = [(N - P)/z Wiyiz(obs)] :
The ‘Goodness-of-fit’ is then related to ‘Chi-squared’ as
2 -
XZZ(RWp/Re) i (2 11)

In all cases where GSAS was used in this thesis, the structure types were known.

2.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDAX)

SEM and EDAX are surface techniques used to determine sample homogeneity, elemental
distribution, as well as the morphology of solids.?*!?® The samples chosen for SEM and EDAX
were analyzed using a FEI Quanta FEG ESEM (with EDAX) with an acceleration voltage of 20
kV. The results will be discussed in the respective chapters in this thesis.

SEM uses electrons that are thermionically emitted, usually from a tungsten filament
(commonly known as an electron gun), and accelerated via high voltage. This beam of electrons
is then focused into a small spot (typically 50 A - 500 A) on the surface of the sample. The
electrons only penetrate a depth of a couple of microns, depending on the accelerating voltage and
the type of material. Detection of secondary electrons is used to create images of samples
consisting of lighter elements, whereas backscattered electrons are analyzed for samples consisting

of heavier elements.
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EDAX is possible if a SEM is equipped with an EDAX detector. When electrons from the
electron gun hit the sample, electrons from the inner shell of the atoms will be ejected, and
electrons from the outer shells will fall into the vacancy. This creates X-rays of characteristic
wavelengths which in turn can be detected by the EDAX detector and analyzed. The analysis can

determine which elements and approximate the ratios that are present in a material.

2.2.5 Density Functional Theory (DFT)

Density functional theory (DFT) is used to calculate the electronic structures of materials.
Through the knowledge of the electronic structure, properties can be determined, as well as any
contributions the electrons have to certain energy levels.!? The basic principle of DFT focuses on
the electron density (p).

DFT is based on the Hohenberg-Kohn theorems, as long as the electron system is not within
a magnetic field. The first theorem postulates that the electron density determines the Hamiltonian
operator, which uniquely coincides with the ground-state properties of the system. This can be

achieved by solving the Schrodinger equation:

y (2-12)

H elec \P elec elec

=E

elec
where H,,. is the electronic Hamiltonian, Wer. is the electronic wave function, and Eer. is the
total electronic energy of the system. The second theorem states that the ground state electron
density can minimize the energy functional for a given system.

Coulombic interactions between electrons (exchange and correlation) are also important in
determining the electronic band structure as stated earlier. To simplify this, the local-density
approximation (LDA) can be utilized. This assumes that the exchange-correlation energy depends

on the local density:
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Eylpl= [ pr)escLp()dr (2-13)

The assumption made in LDA is the electron density is uniform throughout, however in
actuality this is known to not be completely true. This method as a result tends to underestimate
the exchange energies and overestimate the correlation energies.

Instead, the band structures that are presented in this research were calculated utilizing the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) method.!*® This
method, unlike LDA, expands the gradient terms to allow for non-homogeneity of the electron
densities. Although the GGA method is an improvement to calculate more accurate band
structures, it is known to underestimate the band gap. In order to calculate more accurate band
gaps, the Tran-Blaha modified Becke-Johnson (mBJ) potential was utilized. This is an
approximation in which the ‘exact exchange’ correlation potential is used as a screening term. All
calculations (DFT!3! and Boltzmann Transport Properties?*:!*?) were performed using the Wien2k

package.!??
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2.2.6 Boltzmann Transport Properties

The Boltzmann transport properties were calculated utilizing the BoltzTraP code within
the Wien2K package.!** The code uses a Fourier expansion of the band energies, in which the
group symmetry always remains constant by utilizing star functions,

1 . )
€ (k) = Z criSp(k) , Sgr(k) = Ez o il AR (2-14)

R {A}
where R is a direct lattice vector, and {A}are the n point group rotations. The Fourier expansion
uses more star functions than band energies available. The fit is also constrained so that any
extrapolated energies will always be exactly equal to the calculated band energies. The following

roughness function (pr) was used and also continually minimized:

2
o= (1= (L)) e (LY =
K ! |Rmin| 2 |Rmin|

where Ry, 1s the smallest nonzero lattice vector, and the parameters C; and C: are fixed to %. The
last parameter needed for the code is sufficient freedom, in which the number of planewaves
exceeds the number of band energies. From this, the expansion coefficients are calculated, and all
of the information needed to generate an analytical representation of the band structure is complete.

A series of conductivity tensors are generated by simulating the materials in the presence
of an electric and magnetic field as well as a thermal gradient, which gives the energy of the

conductivity tensors:

1 s(e-¢; (2-16)
0qp(E) = Nz oqp (i, k) %
Tk

Where N is the number of k-points. Fourier transformations are then used with the expansion of
the band energies (see Eq. 2-16) to derive the transport tensors. With the transport tensors

calculated the Seebeck and Hall coefficients are also calculated.
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2.3 Physical Property Measurements
2.3.1 Electrical Conductivity and Seebeck Coefficient

The electrical conductivity and the Seebeck coefficient were obtained by using an
ULVAC-Riko ZEM-3 unit. Hot-pressed samples were cut into bars with the dimensions of
approximately 10 x 2 x 2 mm. The bar was set into the instrument between two electrodes with

two probes (thermocouples) pressed against the side of the sample (Fig. 2.2).

Heater
I

Erat s Thermocouple, T

Electrode Sample

| — Thermocouple, T,

A T heater —

Figure 2.2. Schematic of the sample set up in the ULVAC-Riko ZEM-3.

The measurement was run under an atmosphere of ultra-pure helium. During the
measurement, the sample was heated in a furnace to the target temperature, while the heater in the
bottom block provided the desired temperature gradient. To measure the Seebeck coefficient, !>
the temperature difference was determined by measuring 77 and 7> by the respective
thermocouples. The thermal electromotive force (dE) was then measured between the same type
of wires within the thermocouples, which is a change in the voltage potential (dV). The
thermopower is determined by

G dv (2-17)
AT
The electrical resistance was measured by a four-probe method, in which a constant current (/) is

provided through each electrode and the voltage difference (dV) between the same type of wires
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within the thermocouples was obtained. Only the resistance (R) of the area between the two

thermocouples is measured, which is found by

dv 2-18
e (2-18)
I
The electrical resistivity and therefore the electrical conductivity of the sample can then be

determined by using Ohm’s law:

(2-19)

1
o

(SRS

p=R-
where A is the surface area of the sample, and D is the distance between the thermocouples. The

experimental errors of each measurement are estimated to be £5% and 5% for the electrical

conductivity and Seebeck coefficient, respectively.

2.3.2 Determination of the Thermal Conductivity

In order to determine the thermal conductivity, the thermal diffusivity (&) was measured
by utilizing a TA-Instruments DLF-1200 system. The hot-pressed pellets with diameters of 12.7
mm and heights of 2 mm were coated with graphite via an aerosol spray in order to promote
homogenous heating, as well as better absorption and emissivity. The samples were then loaded
into the instrument with the measurement taking place under an atmosphere of argon. During the
measurement a laser-flash pulses the front face of the pellet and the temperature as a function of

time (thermogram) is recorded at the rear face (Fig. 2.3).24136.137
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Figure 2.3. Depiction of the laser flash pulse hitting a sample for the thermal diffusivity
measurement.

The thermogram is utilized to find the amount of time that it takes to reach half of the
maximum temperature (¢12). The thermal diffusivity can then be determined by

12 (2-20)
a=0.1388—
t1/2

where L is the thickness of the pellet. The thermal conductivity can then be determined by

K=a-c,'p (2-21)

where ¢, can be determined via the Dulong-Petit equation (Eq. 1-24) or experimentally, and p is
the density of the pellet.>> The experimental error for the thermal conductivity was estimated to
be + 5%.

Combining the electrical conductivity, Seebeck coefficient, and the thermal conductivity

when calculating z7, the error was deduced to be £10%.

2.3.3  Specific Heat Capacity Determination
The specific heat capacity can be determined with a Quantum Design PPMS Dynacool
(WATLab) on a cube cut from the previously hot-pressed pellet.!*® The resulting cube had the

dimensions of 2 x 2 x 2 mm (Fig. 2.4).
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Thermometer Heater

Figure 2.4. Depiction of the set-up for the specific heat capacity measurement.

The specific heat capacity software employs a two-tau method, in which the temperature
response of both the sample and sample platform are simulated as a function of time. This method
is used when poor thermal contact is established between the sample and the sample platform. The
specific heat of the platform (Cpuorm) 1s determined by the heat flow between the sample platform
and the puck:

dT, )
Coton = PO~ K10~ 1) 1, (R0 - 1,0) =

and specific heat capacity of the sample (Csanpie) 1s determined by the heat flow between the sample
and the sample platform:

dT,

Campte - = —Kq (1,0 - T, (), (2-23)

where P(?) is the heater power, 7} is the temperature of the puck, Ky is the thermal conductance
of the grease between the sample and sample platform, and 7,(?) and T(2) are the temperatures of
the sample platform and the sample respectively. The data taken during the actual measurement

is then fit to the two-tau model to determine the specific heat capacity.'*®

40



2.3.4 Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC)

The two techniques thermogravimety and differential scanning calorimetry are typically
coupled together and can provide useful information such as phase transitions. heat capacity, and
mass changes as a function of temperature.’’ This data can be used to understand solid-state
reactions (phase diagrams) and gain information about thermal stability. TG and DSC was
performed using a NETZSCH STA 409 Luxx instrument.

Thermogravimetry measures the mass of a sample as a function of temperature. During
this experiment, the sample is heated over a temperature range, in which it may experience an
event such as a decomposition, in which the mass will change.

Differential scanning calorimetry is a way to record the enthalpy (/) change of a sample.
During this experiment both the sample and reference (in this case sapphire) are held at the same
temperature, and when a thermal event is experienced by the sample, the sample’s temperature
changes. This will cause the temperature of the sample to differ from that of the reference. In
order to compensate for this temperature difference, the instrument then applies extra heat to the
sample or the reference. This gives information about heat flow throughout the entire

measurement.

2.3.5 Hall Measurement

The Hall coefficient and the nature of the charge carriers can be studied by performing a
Hall measurement.?"!3° All Hall measurements were performed at the Department of Physics and
Astronomy at the University of Waterloo (Kycia group). Hall data was collected at ambient
conditions on bars with the dimensions of 8 x 2 x 1 mm, where the temperature was stabilized by

a PID temperature controlled system equipped with a Peltier thermoelectric cooler. A four-wire
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AC measurement system was employed with two SRS 830 lock-in amplifiers to obtain the
electrical conductivity, with the current below 15 mA to minimize self-heating of the sample.
Measuring the Hall voltage, V'u, with a 12 mA AC excitation current and an external magnetic
field of 0.5 T yielded the Hall resistance, Ru. A PAR 190 transformer was used to improve the
signal-to-noise ratio.

The Hall measurement is done by passing a current (/) through the smallest face of a
rectangular bar, with a magnetic field (B:) applied perpendicular to the direction of the current.
This causes the charge carriers to drift to the sides of the bar, which generates an electric field (E))

orthogonal to the current (Fig. 2.5).

Figure 2.5. Depiction of the Hall measurement experiment.

The force on the holes generated by the electric field can be determined by the drift velocity (vx)

and the magnetic field

ek, = ev B, (2-24)

where e is the charge of the charge carriers being studied. The current density (Jy) can be

determined by

Jx = npev,. (2-25)
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The carrier density (ne) remains constant and is temperature independent and can be equated to
the Hall coefficient (Ry) by

E, 1 (2-26)

B,], " e

In practice (Eq. 2-26) can be written as

Wt 1 (2-27)

R J—

R"N

ne
where V), is the voltage drop as a result of the electric field, and ¢ is the thickness. The Hall
coefficient can be used to determine the density of the charge carriers, as well as the type (e.g. if
Ry is negative, the electrons are the dominant charge carriers).

The largest errors in the carrier mobility and concentrations stem from the measurements

of the dimensions, estimated to be below +3%.

2.3.6. Low Temperature Electrical Conductivity Measurements

Low temperature electrical conductivity measurements were performed on pristine bars
with the approximate dimensions of 10 x 2 x 2 mm. Cryogenic temperatures were achieved with
a copper cold finger apparatus using a helium compressor. A standard 4-probe resistivity (see
Section 2.3.1) method was used for the measurements with a Keithley 2400 SourceMeter and
Agilent 34420 nanoVolt/micro-Ohm Meter. Temperature measurements were acquired through a

Lake Shore Cryogenics 330 temperature controller.
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CHAPTER 3:

Thermoelectric Properties of Zn-doped CusSn20Q7 (Q = Se, Te)

This chapter is reproduced in part with permission from Dalton Transactions:
Cheryl Sturm, Leilane R. Macario, Takao Mori, and Holger Kleinke, Dalton Transactions, 2021,
50, 6561-6567 (DOI: 10.1039/D1DT00615K).

3.1 Introduction

The ternary and quaternary Cu-based chalcogenides within the crystal family of CusM2Q7
(O =S, Se, Te) have seldom been reported in the literature until more recently. The earliest
example was CusNiSi»S7, described by Schifer in 1980.!4  The crystal structures and
thermoelectric properties of the compounds CusSnxSe; and CusSn,Te; were reported by Fan et
al.in 2014'*! and Adhikary et al. in 2016,''¢ respectively. Both groups concluded that both the
selenide and telluride of CusSn(Q; adopted a superstructure of the sphalerite phase, and
crystallized in the C2 space group. All atoms are tetrahedrally coordinated, while Cu and Sn are
surrounded by four Q atoms, while the chalcogen atom is surrounded by three Cu atoms and one

Sn atom (Fig. 3.1).
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Figure 3.1. Crystal structure of CusSnoQ7, highlighting the coordination tetrahedra.

Both compounds were reported as exhibiting very low figure of merits, therefore a doping
study was introduced in an effort to decrease the electrical and thermal conductivity in order to

achieve more desirable z7 values.

3.2 Sample Synthesis and Consolidation Parameters

All preparatory work was performed inside an argon-filled glove box to synthesize all four
compounds, starting with stoichiometric amounts of Cu powder (99.5%, Alfa Aesar), Zn powder
(99.9%, Alfa Aesar), Sn granules (99.9%, Aldrich), Se pellets (99.99%, Aldrich), and Te broken
ingots (99.999%, Strem).

The compounds CusSn2Se7 and CusZnSnaSe; were synthesized utilizing the traditional
solid state tube method, in which the starting reagents were loaded into a fused silica tube, sealed
under a dynamic vacuum of 2 x 103 mbar, and placed into a high temperature muffle furnace. The
samples were then heated to 1173 K for 24 hours, and then annealed at 873 K for one week.
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The compound CusSn,Te; was prepared in the same fashion as the selenides, with the
exception of a different heating profile. The starting reagents were heated to 923 K for four days
and then cooled to room temperature. The resulting ingot was then ground into a powder, placed
again into a fused silica tube, evacuated, and heated to 673 K for 72 hours, with agitation every 24
hours.

Finally, CusZnSn2Te; was synthesized utilizing a planetary ball mill, in which starting
reagents were loaded into ball milling jars (lined with zirconia) that contained 3 mm diameter
zirconia balls. The ball to powder ratio was approximately 10:1. The reactions were run at 600
rpm for four hours. The resulting powders contained the target phase as well as some binary
compounds, and were subsequently loaded into fused silica tubes, sealed under a dynamic vacuum
and placed into a high temperature muffle furnace. The samples were then heated to 673 K for 72
hours with intermittent shaking, which resulted in a pure product. Attempts to make CusZnSn;Te;
utilizing the traditional solid state tube method failed to produce a phase pure sample. The powders
were then consolidated at 563 K (selenide) and 453 K (telluride) under 46 mPa for three hours.
The resulting pellets had the densities determined through utilizing the Archimedes method, and
all materials exhibited densities > 95%. The pellets were then used for physical property

measurements.

3.3 Results and Discussion
3.3.1. Characterization of Zn-doped CusSn>Q7 (Q = Se, Te)

Powder X-ray diffraction was implemented to determine the phase purity of all synthesized
samples (Fig. A-1). No other side products were observed in the powder patterns and small

changes were seen in the lattice parameters with the introduction of Zn (Table A-1). The powder
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patterns for all materials were indexed to previously published powder patterns of CusSnySe;
(ICSD Coll. Code 194592) and CusSn,Te; (ICSD Coll. Code 291607), and all four compounds
crystallized in the space group C2.

To further characterize the materials SEM and EDAX was performed on CusZnSnzSe7 and
CusZnSn2Te7 in order to determine the homogeneity of the samples. The nominal compositions
were determined by averaging three to four area scans on four pieces of the bars that were broken.
The EDAX mappings (Figs. A-2 and A-3) showed that no other side products (e.g. binaries such
as CuyTe and ZnTe) and impurities (e.g. Oxides, Si from reaction vessel) were detected. The
mappings also show a homogenous distribution of elements throughout the scanned areas of the

samples.

3.3.2 Thermoelectric Properties of Zn-doped CusSn2Q7 (Q = Se, Te)

The density of states of CusSn2Tes is depicted in Fig. 3.2. The Fermi level cuts through
the top of the valence band, composed of Cu-d and Te-p states. A narrow gap of 0.2 eV occurs
about 0.5 eV above the Fermi level, predicting degenerate semiconducting properties for

CusSnyTes. Similar features were calculated for the isoelectronic and isostructural CusSn>Se7.'!d

47



—— Total
—Cu

(E-E.)leV

L e
0 10 20 30 40 50 60 70

DOS/(states eV'cell™)

Figure 3.2. Density of states of CusSnaTes.

Substituting one Cu site with Zn results in the formula CusZnSn>Te7, and moves the Fermi
level into the band gap (Fig 3.3). Besides that shift, only minor changes occur between -2 eV and
+ 2 eV around the Fermi level. With that, semiconducting properties are to be expected for the

charge-balanced (Cu")4(Zn?")(Sn*")2(Te* ).
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Figure 3.3. Density of states of CusZnSn2Te;.

The thermoelectric properties of the materials of nominal compositions CusSn>Se; and
CusZnSnySe; were studied in the temperature range of 300 K — 630 K, and of CusSnoTe; and
CusZnSnyTe7 from 300 K - 575 K. The temperature dependence of the electrical conductivity is
displayed in Fig 3.4. Due to the location of the Fermi level in the valence band, a large amount of
charge carriers for both ternary (Zn-free) compounds was observed earlier, namely ~3.0 x 102! cm”
> and ~1.4 x 10?! cm™ at 300 K for the selenide!*! and telluride,''® respectively. Therefore, a
decrease in the (high) electrical conductivity was expected for the ternaries with increasing
temperature. This negative temperature dependence was indeed displayed, typical of heavily
doped/degenerate semiconductors and metals, as the carrier concentration barely changes with
temperature, and the charge carriers are more scattered with an increase in temperature, resulting
in a decrease in carrier mobility. In the temperature range of 300 K - 630 K, electrical conductivity

values of 8800 Q'ecm™ - 3700 Q'ecm™ were obtained for the selenide, while Fan et al. reported
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24% lower electrical conductivity values within the same temperature range (6700 Q'cm™ - 2900
Qlem™).!¥! This is at least in part a consequence of Fan et al. obtaining higher porosity samples
as determined from the lower relative density of 92%, compared to our 96%. These values are
significantly higher than in other known diamond-like structures, such as Cu2SnSes (200 Q'cm’!

- 100 Q'em™), which also displayed the same negative temperature dependence. '4?

-—
o
o
o
o

—=—'Cu,Sn,Te’
—e—"'Cu,Sn,Se,’
—=—'Cu,ZnSn,Te,' |
—e—'Cu,ZnSn,Se,’ |

8000

6000

4000

2000, H\}\l\.\.\.
200 Tt , |

0 IR SR R T P [ T S S R I S S S
250 350 450 550 650

Temperature (K)
Figure 3.4. Temperature dependence of the electrical conductivity of ‘CusSnQ7’ and ‘CusZnSn,Q7’
with 5% error bars.
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Similarly, the electrical conductivity of CusSnxTe7 experienced a three-fold decrease from
9200 Q'em™ to 3100 Q'em™ at 300 K after the introduction of Zn. Our room temperature results
on the ternary telluride are in qualitative agreement with the (low temperature) data from Adhikary
et al. who reported an electrical conductivity of 9800 Q 'ecm™ at 300 K.''® At 575 K, there was a
roughly 50% reduction of the electrical conductivity with the inclusion of Zn, with values of 4300
Qlem™ and 2200 Q'em™, respectively. The same negative temperature dependence is observed
for the kesterite CuxCdSnTes, but with higher electrical conductivity values (¢ = 2500 Q'cm™! at
300 K to 1300 Q'em™ at 600 K).!* As such a dependence is indicative of extrinsic

semiconductors, all of the above-mentioned materials have defects, likely Cu atom deficiencies,
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that contribute to itinerant charge carriers. These conductivity values are also significantly higher
than those of the chalcopyrite CulnTe: (o =22 Q'em™ at 300 K to 70 Q'em™ at 600 K), which
does exhibit the positive temperature trend expected for intrinsic semiconductors.*®

The temperature dependence of the Seebeck coefficient is displayed in Fig. 3.5. For all
compounds, there is an increase in the thermopower with an increase in temperature, which is
typical behavior for both degenerate and extrinsic semiconductors. The Seebeck coefficient for
CusSn,Sez was found to be +16 uV K™! —+40 pV K! within the temperature range of 300 K - 630
K. These results are in good agreement with Fan et al., who reported values of +20 pV K- —+43
uV K11 The intended and desired overall increase in the Seebeck coefficient was observed with
the introduction of Zn, resulting in +80 pV K! —+165 pV K'!. The Zn doped sample has values
comparable to CurZnSnSes (S = +50 uV K — +110 pV K! from 340 K - 630 K)"* as well as
Cu2SnSes (S=490 pV K!' —+150 uV K! from 300 K — 600 K).'*? The positive sign of the Seebeck
coefficient is indicative of dominant p-type character, which is typical for Cu chalcogenides, in
accord with the postulated, common Cu defects. One such example is Cuz2S, in which Zhao et al.
found extrinsic semiconducting behavior from 400 K — 650 K, which was a result of Cu
deficiencies.”” The latter Seebeck values are in the desired range for thermoelectric materials,

whereas p-type materials with § < +50 uV K! need further enhancements.
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Figure 3.5. Temperature dependence of the Seebeck coefficient of ‘CusSnQ7’ and ‘CusZnSn,Q7’
with 5% error bars.

At 300 K, we found a Seebeck coefficient of +9 uV K for CusSnyTes, in qualitative
agreement with the earlier published value of +6 pV K111 With the inclusion of Zn, the Seebeck
coefficient experienced an over two-fold improvement at 300 K, from +9 uV K™!' (CusSna2Te7) to
+21 uV K1 (CusZnSn,Ter). At 575 K, a maximum of +37 pV K-! was obtained for CusZnSn,Tes.
Even with the inclusion of Zn, the thermopower values are still significantly lower than those of
CuzCdSnTes (S =+60 uV K! at 600 K)!'** and CulnTe; (S =+250 uV K! at 600 K).*

The increase of the Seebeck coefficient can be attributed to the decrease in carrier
concentration with the introduction of Zn, as the carrier concentration is almost inversely
proportional to the thermopower.!** The Seebeck coefficient for degenerate semiconductors can

8m? klzg « (T 2/3 . .
oz (5) , Where k3 is the Boltzmann constant, e is the charge of an

be expressed via S =

electron, m* is the average effective mass, and 7 is the temperature. Boltzmann transport
calculations were carried out on CusZnSn;Te7, which revealed Seebeck coefficients in excess of

+300 uV K! in the vicinity of the Fermi level (Fig. 3.6). There is thus a possibility that such high
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values could be experimentally obtained, if for example the apparent Cu atom defects could be

minimized, or more Zn could be introduced.
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Figure 3.6. Calculated Seebeck coefficient and density of states relative to the Fermi energy for

CusZnSn;Tes.

An overall, desired decrease in the thermal conductivity was also observed with the
introduction of Zn for both the selenide and the telluride (Fig. 3.8). The reduction in the thermal
conductivity is a direct consequence from decreasing the electrical conductivity. The thermal
conductivity is a summation of two components: electrical (x.;) and lattice («iax) (Fig. A-3). The
electrical component of the thermal conductivity can be derived using the Wiedemann-Franz law,
ke = Lo o T (where Ly is the Lorenz number). Due to all samples investigated here displaying
extrinsic semiconducting-behavior, the Lorenz number was estimated by using the equation L =

—ISI -8 V2 -2 29 . .
(1.5+exp [116 uVK—lD 107° V2 K™= The lattice component can then be estimated by

subtracting the electrical component from the total thermal conductivity. The i« value obtained
for CusSnaSe7 is 0.41 W m'K™!, and with the addition of Zn, k. increased to 2.88 W m'K™!. The
Kian value observed for CusSnaTe7 is 3.58 W m™'K'!, and with the addition of Zn, /. decreased to

2.46 W m'K!,
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Figure 3.7. Temperature dependence of the thermal conductivity of ‘CusSnQ;’ and
‘CusZnSny(Q7° with 5% error bars.

The thermal conductivity values obtained for CusSnxSe7 are 6.7 W m™ 'K - 4.0 W m'K!
from 300 K - 630 K (which qualitatively match Fan et al. with values of 5.3 W m'K!' - 3.5 Wm"

'K-! within the same temperature range'*!).

In accord with its lower electrical conductivity,
CusZnSnzSe7 had lower thermal conductivity values of 3.0 W m'K™!' - 1.4 W m'K"!. Again, these
values are quite comparable to CuzZnSnSes (x = 1.9 W m'K! - 1.1 W m'K™!),”° but higher than
those of CuxSnSes (k= 1.5 W m 'K - 0.7 W m'K™! between 300 K and 600 K).'*? The thermal
conductivity values for CusZnSnoSe; are somewhat on the high side, as many of the state of the
art thermoelectric materials and Cu chalcogenides have x values below 1 W m™ K1 92145146

The telluride CusSn;Te7 also displayed thermal conductivity values higher than that of the
sample containing Zn (x = 10 W m'K! - 6.8 W m'K"! versus 4.6 W m'K! - 3.6 W m'K,
respectively, in the range of 300 K - 575 K). The room temperature thermal conductivity result
for CusSnyTes is in reasonable agreement with Adhikary et al. (15 W m'K™!).!!® The thermal
conductivity values of CusZnSnzTe7 are comparable to Cu2CdSnTes (5.0 W m'K™! - 2.0 W m'K"

43 and CulnTez (6.0 W m 'K - 2.5 W m'K™")* within the same temperature range. Although

substantial improvements were made with the addition of Zn, the thermal conductivity values are
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still too high for a thermoelectric material. We obtained lattice thermal conductivity values of 2.9
W m'K! for CusZnSn,Se7 and 2.5 W m™'K"! for CusZnSn,Te7 at room temperature.

The figure of merit curve of CusSnzSe7 nicely resembles the one calculated in 2016.'"> The
figure of merit doubled for the Zn containing selenide, from 0.10 to 0.20 at 630 K (Fig. 3.8), and
is higher than that of Cu2ZnSnSes (maximum z7 of 0.16 at 630 K),”° but significantly lower than
CusSnSe;3, which attained a maximum z7 of 0.95 at 800 K.'*? This could be attributed to Cu>SnSe;

having a much larger Seebeck coefficient as well as lower thermal conductivity values.
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Figure. 3.8. Temperature dependence of the figure of merit of ‘CusSnQ7’ and ‘CusZnSn,Q7’ with
10% error bars.
The quaternary telluride experienced a five-fold improvement in the figure of merit after
incorporation of Zn, with a maximum of 0.05 for CusZnSnyTe; at 575 K, whereas the
corresponding z7 for CusSnaTe; was 0.009. For comparison, the maximum figure of merit value

reported for CuzCdSnTes was 0.12 at 510 K, and 0.60 at 850 K for CulnTe,.*®
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3.4 Conclusion

By doping both the selenide and telluride materials with Zn, the carrier concentration
decreased, resulting in an overall decrease in the electrical conductivity, which had values that are
comparable to some of the stannites and kesterites. Although substantial improvements were
made, especially in case of the less toxic selenide, high z7 values (closer to unity) were not possible
due to low Seebeck coefficient and relatively high thermal conductivity values. It can be predicted
based on our Boltzmann calculations that with the introduction of more Zn, higher thermopower
values would be possible, but at the cost of a decrease in the electrical conductivity. Furthermore,
due to the diamond-like structures, as well as the lack of heavy atoms for mass fluctuations, the
lattice components of the thermal conductivity with 2.5 W m'K! — 2.9 W m'K"! at 300 K need
to be improved as well.

The tetrahedrites with their high z7T" values are considered to include some of the best
tellurium-free copper chalcogenide TE materials in the mid temperature range. This is due to their
complex frameworks and heavy atoms, which increases phonon scattering which reduces the
thermal conductivity, while retaining a high electrical conductivity and thermopower values. One
such example is Cu;1MnSbsSi3, whose electrical conductivity and Seebeck coefficient were
comparable to those of CusZnSn,Ses (¢ = 200 Qlem™, S =125 uV K'! at 575 K), however the
thermal conductivity was very low (x = 0.30 W m'K™! at 575 K), which culminated in a high zT
of 1.1 at 575 K.'*¢ Future work on the materials presented here could include attempts in which
mass fluctuations are introduced (e.g. alloying Ag on Cu site or Cd on Zn), or nanostructuring in

order to further reduce the thermal conductivity of these compounds.
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CHAPTER 4:

Thermoelectric Properties of Hot-Pressed Ba;Cuis-sTer2

This chapter is reproduced in part with permission from Inorganic Chemistry:
Cheryl Sturm, Natalie Boccalon, Abdeljalil Assoud, Tianze Zou, Jan B. Kycia and Holger
Kleinke, Inorganic Chemistry (DOI: 10.1021/acs.inorgchem.1c00925).

4.1 Introduction

As previously mentioned in Section 1.4.2, our group has taken an interest in barium copper
chalcogenides such as Bag76Cuz.42Teis,’® BaxCusSe,Tes.,,”” BaCuSiTes,'*” and BasCuis-«Seii-
,Te, 8 due to favorable thermoelectric properties. These materials exhibit recognizable copper
chalcogenide attributes, such as Cu tetrahedral frameworks and p-type semiconductivity within a
moderate temperature range (300 K — 600 K), with zT values up to 0.9.%°

Previously our group published the crystal structure of Ba3CuissTer2, as well as the
thermoelectric properties of cold-pressed pellets.!!” The crystal structure of BasCuissTe12 (Fig.
4.1) is complex, with a three-dimensionally extended network of Cu-Te polyhedra. The Cu atoms
are either in a distorted tetrahedron of four Te atoms, or in a triangular coordination with three Te
atoms. Each Ba atom is surrounded by nine Te atoms, forming a distorted mono-capped square
antiprism. The structure also contains Te>? pairs, which yields an electron precise material when

5= 0: (Ba?")3(Cu")14(Tex?)(Te)s.
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Figure 4.1. Crystal structure of BazCuis.sTe12, highlighting the coordination sphere of copper.

Due to the complex nature of the crystal structure, the thermal conductivity was reported
to be a low 1.1 W m 'K at 300 K, which is already as low as some of the best performing copper
chalcogenide TE materials.®> The Seebeck coefficient values obtained ranged from +38 uV K! to
+100 pV K! from 300 K to 600 K, and in general did not have a clear trend corresponding to the
value of 0 (Cu deficiency), which may have been a consequence of the uncertainties caused by the
cold-pressing procedure. The electrical conductivity values ranged from 150 Q'cm™ to 1000 Q-
'em™ within the low temperature region of 180 K to 300 K. Again, there was no general trend
correlating the electrical conductivity to the value of &.'!”

This chapter aims to improve upon previously published data on varying the Cu
deficiencies of hot-pressed BazCuis.sTe12. The stability with regards to copper ion migration was

also explored, as well as attempts at enhancing the thermoelectric properties through alloying with

Ag (BasCuis-sxAgiTer).
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4.2 Sample Synthesis and Consolidation Parameters

All preparatory work to synthesize all compounds was performed inside an argon-filled
glove box, starting with stoichiometric amounts of Ba pieces (99.7%, Strem), Cu powder (99.5%,
Alfa Aesar), Te broken ingots (99.999%, Strem), and Ag powder (99.95%, Alfa Aesar).

All compounds were synthesized by utilizing the traditional solid-state tube method, in
which the starting reagents were loaded into a fused silica tube, sealed under a dynamic vacuum
of 2 x 107 mbar, and placed into high temperature muffle furnaces. The samples were then heated
at 773 K for 12 hours, at 1073 K for two hours, then annealed at 873 K for two weeks, and
subsequently air quenched to room temperature.

Thermoelectric properties were determined after hot pressing powders under an
atmosphere of argon with an Oxy-Gon FR-210-30T-ASA-160-EVC hot-press furnace system, in
a hardened graphite die with an inner diameter of 12.7 mm. The densification was done at 600 K
under 46 MPa for three hours with a pressure free cool down, which resulted in > 95% of the
theoretical density, as determined via the Archimedes method. The resulting pellets had a diameter

of 12.7 mm and a height of 2 mm.

4.3 Results and Discussion
4.3.1 Characterization of Ba3Cu4sTer> and BasCujys-sxAgcTer

Powder X-ray diffraction was used to determine the phase purity of all synthesized
samples. All samples were found to be phase pure with no unwanted side products detected (Figs.
4.2 and 4.3). The experimentally obtained powder patterns for all materials were indexed to the
previously published powder patterns of BazCuizesTeiz (ICSD Coll. Code 194592). All

compounds studied crystallize in the space group P2i/m.
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Figure 4.2. X-ray powder diffraction patterns of BazCuis-sTer2 (where 6 = 0.825, 0.675, 0.50,
0.025).
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Figure 4.3. X-ray powder diffraction patterns of BazCuizAgo32sTei2 (blue) and
BazCui3zAgoosTern (red).

An EDX (energy dispersive analysis of X-rays) study was performed on BazCuis-sTei2
(where 6 = 0.025, 0.50, 0.675, 0.825) and Bas3CuizAgoorsTeiz and BazCuizAgosoTer.
Experimental elemental ratios were determined by averaging over four to five analyzed spots over
three crystals each, with the standard deviations determined by the population standard deviation

method. The analysis showed all samples were homogenous, and the EDX mappings determined
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that all three (or four) elements were distributed evenly throughout the scanned areas for the
materials of the nominal compositions Ba3CuizgrsTerz, BazCuizsoTerz, BaCuizsasTer,
Ba3Cuis.175Terz, BasCuizAgoorsTerz, and BasCuizAgosoTern. For example, the averaged Ba : Cu :
Te ratios for Ba3Cui3.975Te12 were found to be 11.1(6) : 46.0(4) : 43(1) atomic-%, and the averaged
Ba: Cu: Ag: Teratios for Ba3CuizAgoo7sTerr were 11.1(2) : 44(2) : 2.3(7) : 43.0(7) at.-%. These
ratios compare well to the expected values for Ba3Cui3975Te12 and for BazCui3Agog7sTerz of 10.4
:48.2:41.4 at.-% and 10.4 : 44.9 : 3.4 : 41.4 at.-%, respectively (Fig. A-5 and Tables A-4 and A-
5). On the other hand, the differences in the Cu amounts appear to be within error, ranging from
45.9(5) at.-% - 46.9(5) at.-%. It is also noted that no binary chalcogenide or oxide side products
(e.g., BaTe, CuxTe, Cu20, BaO; etc.) or impurities from the reaction vessels were detected in any
of the scans.

Two single crystals were studied from the same sample with the nominal composition
“BasCuizs3Ter2” (two bars were cut from the same pellet). The first single crystal studied was
retrieved from a bar which had property measurements performed up to 573 K, and has a refined
formula of BaszCuizss1)Tera. The second single crystal was retrieved from a bar which had
property measurements performed up to 673 K, and has a refined formula of Ba3;Cuis.s31)Ter.
Finally, a third single crystal was retrieved from an ingot with a nominal composition of
“Ba3CuizAgosTern” and has a refined formula of Ba3Cui3.4302)Ag0.238¢7yTe12. Our results matched

well with the previous data'!”

with the exception of two additional peaks. These stood out in the
difference Fourier map with the highest peak being 4.7 /A%, while having distances > 2.5 A to
neighboring Te atoms like the other Cu sites. After refining these two peaks as Cu sites, namely

as Cu7B and Cu8B because of their proximities to Cu7 and Cu8, R1 improved from 0.050 to 0.047

(observed reflections) in case of the 573 K data and from 0.062 to 0.061 in case of the 673 K data.
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In order to elucidate the atomic positions of Ag, all Cu site occupancies were refined
independently in case of the Ag containing crystal. All Cu positions with the exception of Cu2
had occupancies that were either 100% or less, and closely resembled the corresponding
occupancies of the Ag-free samples. Cu2 exhibited an impossible occupancy of above 100%
(namely 113%), and when refined with a mixed occupancy with Ag instead of as 100% Cu, an
improvement in the R1 value from 0.030 to 0.028 (observed reflections) was noted. The average
individual Cu-Te distances throughout Ba3Cui343Ago24Te12 were found to be 2.69 A, compared to
the average of the Cu2/Ag2-Te bond distances of 2.75 A, which further supports the presence of
the larger Ag atoms on the Cu2 site. In the Ag-free examples, the Cu2 site also stood out with
larger Cu-Te distances, albeit not as noticeably, e.g. in BazCui3 s3Te12 with Cu2-Te distances 2.73
A, compared to an average of the other Cu-Te distances of 2.69 A. Crystallographic details are
summarized in Table 4.1, and Cu/Ag atom occupancies in Table 4.2. The crystallographic
information files are available via the CCDC/FIZ Karlsruhe deposition service (CCDC 2071343,

2071344 and 2071345).

Table 4.1. Crystallographic data for BazCui4.5..Ag:Te12
Refined formula Ba;CuizsayTern HBasCuisssyTern

BasCuiz 430)Ago2337y Terz

Formula weight 2803.07 2802.76 2822.02
[g/mol]
T of measurement [K] 300(2) 296(2) 300(2)
L [A] 0.71073 0.71073 0.71073
space group P2i/m P2i/m P2i/m
a[A] 11.9572(5) 11.9470(6) 11.9737(2)
b[A] 21.2408(10) 21.2340(11) 21.2654(4)
c[A] 11.9985(6) 11.9968(6) 12.0175(2)
Fldeg] 117.0112(2) 117.0553(14) 116.9770(5)
VA3 2715.0(2) 2710.3(2) 2727.00(8)
VA 4 4 4
4 [mm] 27.252 27.294 27.217
Pealed [g €M) 6.858 6.869 6.874
R(F)*/R(F?)° 0.047/0.086 0.061/0.113 0.028/0.059

Crystal taken from sample that was tested up to 573 K
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HCrystal taken from sample that was tested up to 673 K
* R(Fo) = Z| Fof - [Fll/ZIFo], ® Rw(Fo?) = [E[W(Fo — F2)) Z[w(Fo*)*]]"

Table 4.2. Cu/Ag sites, coordinates and occupancy factors of Ba;Cuis-sxAgiTern

Atom  Site x % z occ.? occ.’ oce.
Cul  4f 0.03846(19) 0.65111(19) 0.27480(19) 0.848(6) 0.852(9) 0.883(4)
Cu2/Ag2  4f  0.06566(17) 0.67639(11) 0.06454(17)  1/0 10 0.762(7)/0.238(7)
Cu3  4f  0.14312(15) 0.54651(9) 0.40602(16) 1 1 |
Cub  4F 0.16363(14) 0.18151(8) 0.70243(15) 1 1 |
CuS  4f  0.1773(4)  0.0438(2)  02787(4) 0.412(6) 0.393(9) 0.401(3)
Cub  4f 025638(17) 0.68415(7) 0.00032(17) 1 I 1
Cu7A  4f 033711(19) 0.17494(11) 0.3139(2) 0.886(5) 0.892(8) 0.888(2)
Cu7B  4f  03122(15) 0.1518(9)  0.3657(18) 0.114(5) 0.108(8) 0.112(2)
Cu8A  4f  0.54192) 0.15073(10) 0.27751(18) 0.927(6) 0.927(11) 0.935(3)
Cu8B  4f  0.6003)  0.1665(13)  0274(2)  0.073(6) 0.073(11) 0.065(3)
Cu9  4f  0.54714(15) 0.18196(9) 0.06756(15) 1 1 |
Cul0  4f 0.65505(14) 0.04696(9) 039317(16) 1 1 |
Cull  4F 097047(19) 0.04212(11) 0.0780(2) 0.784(6) 0.773(9) 0.835(4)
Cul2 2e 0.1735(2) Ya 0.3296(2)  0.968(9) 1 1
Cul3 2 0.32690) v, 0.6734(2) 1 1 1
Culd  2¢  033320) v, 0.9057(2) 1 1 1
Cul5  2e  0.5461(2) v 0.8728(2) 1 1 1
Cul6  2¢ 05758 v, 04211(3)  0.942(9) 0.933(13) 0.936(5)
Cul7  2e  0.9273() v, 0.5863(2)  0.940(9) 0.946(13) 1
Culs8  2e  0.9457() v, 0.1280(3) I 1 1
Cul9 2  0.1631(12) v, 0.1030(14)  0.151(8) 0.169(8) 0.157(5)

?0ccupancy factors of BazCuiz s3Terz heated up to 573 K
®Occupancy factors of Ba;Cui3s3Ter2 heated up to 673 K
“Occupancy factors of BazCuiz.43Ago.24Te12
Density Functional Theory (DFT) calculations were performed via the WIEN2k package,
utilizing the full potential linearized augmented plane wave method (LAPW). The PBE (Perdew,

Burke and Ernzerhof) functional was initially adopted for the generalized gradient approximation
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(GGA),'* followed by the modified Becke-Johnson (mBJ) exchange potential correction to obtain
a more accurate band gap.'* To model BasCuisTer2, we took the crystallographic data from
BazCuis.s4¢1)Tei2, treated all Cu sites with occupancies above 75% as fully occupied, and removed
all Cu sites with occupancies below 20%. This leaves Cu5 on 4f with its refined occupancy of
41%. We removed two of its four sites per unit cell in two different ways, one resulting in space
group P21, and one in space group Pm. This yielded Cu5 as 50% occupied in two different orders,
and overall a formula of BazCui4Tei2 in both cases. Due to the large unit cells, both calculations
were performed on a grid of 5 X 2 x 5 k points along the respective vectors of the reciprocal lattice,
until energy convergence was achieved within 0.0001 Ry.

For the band structure calculations with the WIEN2k package, we used the same path
through the first Brillouin zone as in the LMTO!"° calculation published earlier.!!” In addition to
using a higher level theory, we now also considered another ordering of the Cu sites, leading to
the space group P2 (Fig. 4.4a). The shapes of the bands in P2, and Pm (Fig. 4.4b) around the
Fermi level (Er) are very comparable, with the exception of the different degeneracies in the

conduction band comprised of antibonding p states of the Te,?” dumbbells at the Y point.
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Figure 4.4. Band structures of the BazCui4Tei2 models in (a) space group P2; and (b) in space
group Pm, with the Fermi level Er placed at 0 eV.
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Comparing the WIEN2k calculation with the LMTO calculation, we noticed almost
identical band shapes, but lower energies of the lowest lying conduction bands at D in case of the
WIEN2k calculation. In this case, the conduction band at D actually overlaps energetically with
the valence band at I, which was neither the case in the LMTO calculation of the Pm model nor
in the WIEN2k calculation of the P2; model. In conclusion, two of the three model calculations
were indicative of narrow gap semiconducting behavior, and one of semimetallic behavior. As
both different models use different but complete ordering, the real material should exhibit
intermediate properties, given its disordered nature.

The thermal behavior of BazCui3sTei> was analyzed via differential scanning calorimetry
(DSC) using a TA Instruments DSC Q2000 under a flow of nitrogen from room temperature to
673 K. Endothermic phase transitions were detected at 520 K and at 645 K (Fig. A-6). Based on

the single crystal refinements above-mentioned, these were reversible phase transitions.

4.3.2 Thermoelectric Properties of Ba3;Cujs.sTer2

The thermoelectric properties of BazCuis-sTerr were studied between 300 K and at least
575 K. The temperature dependence of the electrical conductivity is shown in Fig. 4.5a. Although
previously published data displayed no clear connection between the Cu deficiency and the
electrical conductivity, it was now clearly exhibited. This more consistent behavior may be
attributed to the hot-pressed samples being denser, as the previously reported cold-pressed pellets
only had densities of 70% - 80% of the theoretical maximum, whereas our new pellets had densities
> 95%. The sample that was the most Cu deficient (nominal § = 0.825) exhibited the highest
electrical conductivity values, while the sample that was the least Cu deficient (0 = 0.025) had the

lowest values. As the nominal Cu concentration decreased (increasing o), the p-type carrier
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concentration increased, due to fewer valence electrons. The trend of the electrical conductivity
can be directly linked to the carrier concentration, as defined by the equation ¢ =n u e, where n is
the carrier concentration, x is the carrier mobility, and e is the charge of an electron. The Hall data
obtained on the samples with 6 = 0.675 and 6 = 0.825 supported these arguments, with n = 2.9 x
10?! cm™ for the more Cu-deficient and # = 7.2 x 10?° cm™ for the less Cu-deficient sample. The
sample with the higher carrier concentration exhibited the lower mobility (z = 1.9 cm*V-!s! vs.

3.2 cm?V-!s!), due to increased carrier-carrier scattering.
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Figure 4.5. Temperature dependence of the electrical conductivity of (a) BazCuissTei2 and (b)
BazCuis.sTer2 (comparisons of two bars cut from the same pellet) with 5% error bars.

All four materials exhibit a negative temperature dependence between 300 K - 470 K, which is
typical for degenerate semiconductors, due to increasing scattering with increasing temperature
and therefore decreasing mobility of charge carriers. From 470 K to 540 K, a positive temperature
dependence was observed, likely due to thermally activated intrinsic carriers, and finally a slight
negative temperature dependence was exhibited above that, which is attributed to the phase

transition around 520 K as detected by the DSC experiment.

66



The BasCuis.17sTei> material exhibited the highest electrical conductivity of 600 Q'cm’!
at 300 K with the lowest ¢ observed at 470 K (450 Q'cm™), which is expected due to it being the
most deficient in Cu. Ba3Cui3325Tei2 had the next highest electrical conductivity of 540 Qlcm’!
at 300 K, with the lowest value being o = 400 Q'cm™! at 470 K, followed by BasCui3sTei2 with o
=400 Q'cm™ at 300 K and a minimum of =320 Q'cm™ at 420 K. The least conducting material,
BasCui3.975Ter2, exhibited electrical conductivity values of ¢ = 375 Q'em™! at 300 K and 280 Q-
lem! at 420 K.

While the expected general trend was observed, the two most conducting samples
(Ba3Cuiz.175Ter2 and BazCuiz32sTer2) had electrical conductivity values that were in part within
the experimental error of each other. This could be attributed to the small difference in the nominal
compositions. The two least conducting materials (Ba3CuizsTei2 and BazCuizg75Teir2) also had
electrical conductivity values partly within error of each other, despite a larger difference in
composition. This could be explained by Ba3Cui3.975Te12 being more Cu deficient than the formula
implies, as seen in the respective EDAX analysis and implied by the relatively high carrier
concentration.

Generally the electrical conductivity values obtained at 300 K were higher than what was
previously published (5 = 0.025: ¢ =250 Q'em™; § = 0.500: ¢ = 375 Qlem™!; § = 0.675: 6 = 475
Qlem; 6 = 0.825: 6 = 675 Q'em™).!'7 The increase in electrical conductivity is attributed to
samples being hot pressed, rather than cold pressed, in which higher density values were obtained
(75% - 80% of the theoretical density versus our > 95%). The electrical conductivity values
obtained are comparable to those of high performance copper chalcogenides. More specifically
barium copper chalcogenides have also been observed to have electrical conductivity values

between 100 Q'em™ and 700 Q'em™. Our electrical conductivity values were comparable to
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those of CuzSe (¢ =750 Q'em™! to 250 Q'em™ from 300 K to 900 K),3 but higher than those of
the polychalcogenide BaCusoSeTes (o =250 Q'em™ to 150 Qlem™ from 300 K to 575 K)3? and
the high performance tetrahedrite Cuio.sNiZno.sSbsS13 (¢ = 130 Q'em™ to 180 Q'em™ from 300
K to 700 K).!>!

A comparison of the heating curve with the cooling curve of Ba3zCuizsTern was
inconclusive, after noting that the data appear to differ by up to 30%, e.g. at 546 K, o =454 Qlem’
! was measured while heating and o = 452 Qlem™! while cooling, and at 323 K, 374 Q'cm™! and
361 Q'lem™| respectively. Thus, a second bar of Ba3CuissTei> was cut from the same pellet and
cycled twice up beyond the second phase transition at 645 K to 670 K (Fig. 4.5b) to further analyze
the stability at higher temperatures. The results revealed an overall lack of reproducibility, with a
noticeable jump above 600 K. At 631 K, we determined ¢ = 433 Qlcm™ while heating and then
right after that, ¢ = 482 Q'cm™ while cooling, corresponding to an increase of 11%. This was at
least in part an irreversible change, as the low temperature data differed by a similar amount, e.g.
at 323 K we found 357 Q'em™! and 390 Q'cm’!, respectively. Interestingly, both the next heating
and cooling cycles resulted in lower numbers, for example 422 Q'cm™ and 439 Q'cm™ at 631 K.
To investigate whether this irreversible behavior could be due to a change in the positions of the
Cu" ions, as observed in case of BasCuis.«Sei1-,Te,,”” single crystal analyses were performed from
both bars. The analyses showed no significant changes in the site occupancies of Cu and overall
stoichiometry (Table 4.2), and therefore we concluded that other irreversible material changes
must have occurred, most likely caused by a hysteresis in the second phase transition.

The temperature dependence of the Seebeck coefficient is displayed in Fig. 4.6a. All
compounds initially experienced an increase in their thermopower as the temperature increases.

This behavior is common for both extrinsic and degenerate semiconductors as well as semimetals.
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The positive sign of the Seebeck coefficient is indicative of p-type conduction, and is typical for
Cu chalcogenides due to Cu deficiencies. The materials with the nominal Cu deficiencies of 6 =
0.500, 0.675, and 0.825 all had very similar thermopower values of 23 uV K-! to 60 pV K™ in the
temperature range of 300 K to 570 K, while BazCui3.975Te12 exhibited slightly higher values of 28
nV K to 62 pV K''. A noticeable negative temperature dependence was observed for all four
compounds just above 500 K, which is the same temperature of the above discussed onset of the
increase in the electrical conductivity. This can be attributed to an increase in the intrinsic carriers,
that begin to have enough energy above 500 K to become thermally activated. This increase would

then decrease the thermopower, as the carrier concentration is almost inversely proportional to the

2
. .. . C 8m2kE 7\/3
Seebeck coefficient for extrinsic semiconductors, which is given as S = Bom* (—) , Where

3eh? 3n

kg is the Boltzmann constant, e is the charge of an electron, m* is the effective mass, and 7' is the

temperature. Beyond the phase transition at 520 K, the Seebeck values began to increase again.
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Figure 4.6. Temperature dependence of the Seebeck coefficient of (a) BazCuis-sTer12 and (b)
BazCuis.sTer2 (comparisons of two bars cut from the same pellet) with 5% error bars.
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Overall, these Seebeck values were consistently lower than those previously reported.
Those earlier data displayed no apparent correlation between Cu concentration and thermopower
within the temperature range of 300 K to 550 K (6 = 0.025: 49 uV K to 110 uV K'!; 6 = 0.500:
49 uV K'to 110 pvV K 6=10.675:35 uV K to 70 pV K''; 6 = 0.825: 52 uV K to 100 uV K-
N.17" Typically, high performance p-type thermoelectric materials exhibit thermopower values
well in excess of 50 pV K'.>* While the highest thermopower obtained here was 60 uV K™! at 570
K, this value was still lower than that of most advanced p-type thermoelectric materials such as
CuzSe (75 pV K to 250 uV K at 300 K to 900 K),*° BaCusoSeTes (150 pV K! to 225 uV K! at
300 K to 575 K),"? and Cui9sNiZnosSbsSi3 (150 uV K! to 200 uV K at 300 K to 700 K).!!
Thus, further attempts to enhance the Seebeck coefficient of Ba3Cuis.sTer2 are required for this
material to become competitive.

The reproducibility of the Seebeck coefficient for the material BasCuizsTer2 was also
explored up to 670 K (Fig. 4.6b). The changes appeared to be insignificant, as for example the
values ranged only from 31 pV K™ to 33 uV K at 373 K, and from 61 pV K to 63 uV K at 631
K during the two heating and two cooling cycles.

The thermal conductivity had a similar temperature dependence as the electrical
conductivity (Fig. 4.7a). All samples displayed a negative temperature dependence from 300 K to
450 K, then had a positive temperature dependence for most of the rest of the range measured.
The samples with the highest Cu deficiencies, thus the highest electrical conductivity, also had the
highest thermal conductivity values (6 = 0.025: 0.97 W m'K™! - 0.84 W m'K"!; 6 = 0.500: 0.80 W
m'K"' - 091 Wm'K"; 6=0.675: 0.81 Wm'K"' - 091 Wm'K"; 6 =10.825:0.92 W m'K" -

1.01 W m'K™).
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Figure 4.7. Temperature dependence of (a) the thermal conductivity with 5% error bars and (b) the
figure of merit with 10% error bars of BazCuis.sTer.

This trend can be explained by analyzing the electrical (x.) and lattice (x;) components,
which when combined yield the total value of the thermal conductivity (x = k. + ;). The electrical

component is directly related to the electrical conductivity by the Wiedemann-Franz law, k. =L ¢

—ISI

T, where L is the Lorenz number. The Lorenz number can be estimated via L = 1.5 + exp [116

(where L is in 10 V2 K2and Sis in pV K).?° The lattice component is then derived by subtracting
the electrical component from the total thermal conductivity. Both the electrical and the lattice
contributions were about equal in all cases (Fig. A-8).

Overall the thermal conductivity values obtained for all the materials studied were very
low, e.g. mostly below 1 W m"'K™!. Additionally, the thermal conductivity values of BazCuis-sTe12
were on the order of those of high performance copper chalcogenides such as Cu»Se (from 1.2 W
m'K! to 0.6 W m'K! from 300 K to 900 K),*® BaCusoSeTes (0.85 W m'K! to 0.5 W m'K!
from 300 K to 575 K),*? and Cui05Nio5SbaS13 (0.5 W m'K! to 0.55 W m'K! from 300 K to 700

K).ISI
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The lowest figure of merit values were obtained from the least Cu deficient samples
(Ba3Cuizg75Ter, zT values from 0.012 to 0.084) and the highest figure of merit from the most Cu
deficient, most conducting samples (BazCuiz.175Tei2, from 0.012 to 0.123) between 300 K - 570 K
(Fig. 4.7b). All of these values were significantly lower than those of the high performance copper
chalcogenides such as CuxSe (zT = 1.2 at 900 K),*® BaCusoSeTes (zT = 0.7 at 580 K),*? and

Cui05Nio sSbaS13 (zT = 1.03 at 700 K),'*! largely because of the uncompetitive Seebeck values.

4.3.3 Thermoelectric Properties of Ba3;Cuj4.5xAg:Tei>

A brief alloying study was initiated in an effort to potentially lower the thermal
conductivity to obtain a higher figure of merit. The thermoelectric properties of the samples of
nominal composition Ba3Cui3Agoo7sTer2 and BazCuizAgosasTerr were studied within the same
temperature range as BasCuis-sTe12 (Fig. 4.8a). The electrical conductivity values increased by
20% when alloyed with silver for both compounds (BasCui3Agoe7sTerz: from 480 Q'em™! to 455
Qlem!; BasCuizAgosasTern: from 660 Qlem™ to 645 Qlem™ between 300 K and 530 K. The
thermopower remained largely unaffected after the incorporation of silver (BazCuizAgo.g7sTei2:
from 23 pV K! to 63 pV K'; BasCui3AgoszsTern: from 25 uV K to 60 pV K'!) in the same

temperature range (Fig. 4.8b).
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Figure 4.8. Temperature dependence of (a) the electrical conductivity and (b) the Seebeck
coefficient both with 5% error bars of Ba3zCui3Agoo75Ter2 and BasCuizAgos2sTern.

The thermal conductivity values (Fig. 4.9a) were slightly increased (Baz;CuizAgo.o7sTern:
from 0.88 W m'K™! to 0.86 W m'K™!; BasCui3Agos25Te12: from 0.94 W m'K ! to 1.1 W m'K™),
due to the increased electrical component of the thermal conductivity (Fig A-10). All of these
parameters resulted in a figure of merit that was basically unchanged for both samples

(BasCui3AgoorsTerz: zTmax = 0.11; BazCuizAgoszsTer2,: zTmax = 0.12), as displayed in Fig. 4.9b.
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Figure 4.9. Temperature dependence of (a) the thermal conductivity with 5% error bars and (b) the
figure of merit with 10% error bars of Ba3Cui3Agog7sTer2 and BazCuizAgosasTern.
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4.4 Conclusion

By decreasing the Cu concentration in Ba;Cuis.sTe12, the electrical conductivity increased,
resulting in values similar to those of high performance Cu chalcogenide thermoelectric materials.
At the same time, the thermal conductivity remained competitive with values below 1 W m 'K,
However, the Seebeck coefficient values were lower than those of high performance
thermoelectric materials, and therefore efforts should be made in the future to increase the
thermopower, if possible. The use of nanostructuring (such as the introduction of more grain
boundaries) could increase the thermopower while retaining the electrical conductivity via the
energy filtering approach.

Our single crystal studies on crystals selected from samples tested up to 573 K and 673 K
showed no changes in the Cu site occupancies, which is indicative of the absence of irreversible
changes in the crystal structure stemming from Cu ion migration. Our attempts to increase the
Seebeck coefficient by alloying with Ag did not produce any significant changes. Although all
samples presented here exhibited desirable electrical and thermal conductivity values, the Seebeck
coefficients were low, which overall produced low figure of merit values, with the highest being

zT'=0.12 at 570 K for BazCuis.175Te1x.

74



CHAPTERS:
Thermoelectric Properties of the Mixed Ion-Electron Conductor

AgsSnSe

This chapter is reproduced in part with permission from ACS Applied Energy Materials:
Cheryl Sturm, Natalie Boccalon, Daniel C. Ramirez and Holger Kleinke, ACS Applied Energy
Materials, in press.

5.1 Introduction

As stated in Section 1.4.3.2, due to the inherently low thermal conductivity and potential
for superionic conductivity, there is increasing interest in the thermoelectric properties of AgsSnSe.
The Ag atoms become mobile after the phase transition from the low temperature orthorhombic
phase (space group Pna21) to the high temperature cubic phase (F43m) at 420 K (Fig. 5.1).%6:1%
AgsSnSe (bulk sample) was previously reported to exhibit a peak zT of 0.5 at 750 K.'® AggSnSe
as a thin film produced a similar figure of merit of 0.55 at room temperature.''> These previous
studies suggest AggSnSe could be a competitive thermoelectric material, however the stability and
ionic mobility could pose potential problems.

The aim of this chapter is to report on the stability of AgsSnSe. The thermoelectric
properties were also studied and attempts were made to enhance the electrical conductivity with

the addition of excess Ag atoms.
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Figure 5.1. Crystal structures of AggSnSe in the (a) orthorhombic low-temperature and (b) cubic
high temperature modification.
5.2 Sample Synthesis and Consolidation Parameters

All preparatory work to synthesize the materials of nominal compositions AgsSnSe and
‘Ags.1SnSe’ was performed inside an argon-filled glove box, starting with stoichiometric amounts
of Ag shots (99.9%, Alfa Aesar), Sn granules (99.9%, Alfa Aesar), and S flakes (99.999%, Alfa
Aesar). The materials were synthesized using the traditional solid-state tube method. The starting
reagents were loaded into fused silica tubes, sealed under a dynamic vacuum of 2 x 10 mbar and
placed into high temperature muffle furnaces. The sealed ampoules were heated to 723 K at a
ramp rate of 50 K per hour and annealed for four hours. The ampoules were then ramped to 1273
K at a rate of 50 K per hour and annealed for 48 hours and then finally air quenched to room
temperature by opening the furnace to save time.

The resulting ingots retrieved from the ampoules were ground into a polycrystalline
powder and hot pressed in a graphite hardened die at 573 K under 46 MPa for three hours with a
pressure free cool down, which resulted in over 95% of the theoretical density, as determined via
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the Archimedes method. No depositions of any elements were detected in the press. The resulting
pellets had a diameter of 12.7 mm and a height of 1.8 mm.

The resulting pellet was then cut into a 2 x 2 x 2 mm® cube for specific heat capacity
determination. The specific heat capacity was determined by a low temperature measurement that
resulted in a room temperature value of 0.308 J g'K"!, slowly approaching the Dulong-Petit limit

0f 0.319 J g'KL.

5.3 Results and Discussion
5.3.1 Characterization of ‘AgsSnSs’ and ‘Ags.1SnSs’

We checked for phase purity of the ground samples using an Inel powder X-ray
diffractometer with a position-sensitive detector utilizing Cu-Kou radiation. No additional peaks
other than those from the target compound were identified (Fig A-11).

Energy dispersive X-ray analysis and scanning electron microscopy were performed with
a FEI Quanta FEG ESEM (with EDAX) with an acceleration voltage of 20 kV. The homogeneity
of AgsSnSe after hot-pressing is demonstrated in Fig. A-14. The nominal compositions were
determined by averaging three to four area scans on three pieces of the pellets after hot-pressing.
No side products (e.g. binaries such as Ag>S or SnS,) and impurities (e.g. oxides, Si from reaction
vessel) were detected. The Ag : Sn : S ratios matched closely the expected values, namely 52(1) :
6.6(8) : 41.1(6) for AgsSnSe (theoretical: 53.3 : 6.7 : 40.0) and 54.3(5) : 6.2(3) : 39.6(2) for
‘Ags.1SnSe* (theoretical: 53.6 : 6.6 : 39.7).

A combined Differential Scanning Calorimetry and Thermal Gravimetry (DSC/TG)
measurement was performed on a Netzsch STA 409 PC Luxx under a flow of argon to confirm

the phase transition of AggSnSe and to check for potential weight loss due to evaporation of sulfur.
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The TG curve indicated that no noticeable weight loss occurred. The DSC curve revealed an
endothermic peak upon heating around 453 K (Fig. A-12), and an exothermic peak at a slightly
lower temperature upon cooling back to room temperature. This corresponds nicely to the low
temperature orthorhombic to high temperature cubic phase transition at 457 K previously reported
in literature.!®” The PXRD pattern obtained after the DSC and TG measurements showed no
evidence of decomposition.

Electronic structure calculations were performed on the low temperature modification of
AgsSnS using the Density Functional Theory (DFT) within the WIEN2k program package,!>
which employs the full potential linearized augmented plane wave method (LAPW). First, we
used the Perdew, Burke and Ernzerhof functional (PBE) for the generalized gradient

approximation (GGA),'*

and then utilized the modified Becke-Johnson (mBJ) exchange potential
correction for a more accurate band gap.'* 216 independent k points on a grid of 8 x 17 x 12

points along the respective vectors of the reciprocal lattice were used for the iterative calculation,

and iterations were performed until energy convergence was achieved within 0.0001 Ry.

5.3.2 Thermoelectric Properties and Stability of ‘AgsSnSs’ and ‘Ags.1SnSs’

AgsSnSe was reported to crystallize in the canfieldite structure type below 450 K, space
group Pna2; in contrast to the argyrodite’s space group Pnm?21.°® lIts structure is comprised of a
covalent network of AgS4 and SnS; tetrahedra with numerous Ag—-Ag contacts between 2.9 A and
3.2 A (Fig. 5.1a). Notably all atomic positions of the low temperature modification are fully
occupied with no apparent disorders or deficiencies. As there are no vacancies for the additional
Ag atoms in case of ‘Aggi1SnSe’, we expect the Sn and S sites to be slightly deficient to

accommodate the change in stoichiometry, as in AggSno.99Ss.93.
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Above 450 K, a cubic structure with highly disordered Ag sites in space group F43m is
adopted, with Ag site occupancies below 50% and a multitude of short distances between these
sites, while the SnS4 tetrahedra remain well ordered (Figure 5.1b).

The density of states of the low temperature modification of AgsSnSe is depicted in Fig.
5.2. AgsSnSg is a charge balanced semiconductor according to the formula (Ag*)s(Sn*")(S?")s with
a calculated band gap of 1.3 eV, in qualitative agreement with the experimentally determined gap
of 1.4 eV.'** Previously, Shen et al. calculated a band gap of 0.40 eV,'!°” however this

underestimation was caused by the use of the density functional theory without any correction. !

(E-E.)eV
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Figure 5.2. Density of states of the low temperature modification of AgsSnSe.

The band structure of the low temperature modification of AggSnSe¢ is shown in Fig. 5.3.
The bands from -2 eV to -4 eV are dominated by Ag 4d bands. The flat bands just below the Fermi
level correspond to the filled 4p states of S. The bands above the Fermi level from 1.3 eV to 3.0
eV can be assigned to empty Ag and Sn states. The noticeably steep bands occur along a* (I' —
X), b* (Y — I') and c* (Z — I), i.e. all three directions, which contributes to high velocity
electrons if filled, in contrast to the flat bands below the Fermi level.
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Figure 5.3. Band structure of the low temperature modification of AggSnSe.

A low temperature conductivity experiment was performed on AggSnSe, which displayed
an exponential temperature dependence (Fig. 5.4a), indicative of intrinsic semiconducting
behavior, and followed the Arrhenius’ activation model (¢ = o, exp(-AE/(2kT)), where k is the
Boltzmann constant and AE is the activation energy). The activation energy was thus determined
by plotting the electrical conductivity logarithmically as a function of inverse temperature (Fig.
5.4b). A linear curve was obtained with a slope equal to —AE/(2k), and the activation energy was

calculated to be 0.58 V.
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Figure 5.4. (a) Temperature dependent electrical conductivity of AgsSnSe and (b) the logarithmic
dependence of electrical conductivity versus 1/7.

The electrical conductivity of the high temperature modification of AgsSnS¢ was also

studied from 470 K to 685 K with the ZEM-3 (Fig. 5.5a) simultaneously with the Seebeck

coefficient (Fig. 5.5b). Attempts to determine the electrical conductivity between 300 K and 470

K were unsuccessful, due to the limitations of the ZEM-3 instrument when measuring samples

with low conductivity. Measurements above 685 K resulted in the irreversible formation of Ag

wires, limiting the temperature range to 470 K to 685 K. The formation of Ag wires is evidence

of highly mobile Ag" ions at high temperatures. A similar behavior was observed in CuzSe, where

Cu had precipitated into nanobundles on the surface of a bar that was held under (much higher)

current flow for 24 hours.”!
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Figure 5.5. Temperature dependence of the (a) electrical conductivity and (b) Seebeck coefficient
of AgsSnSe.

The high temperature modification of AgsSnSe initially displayed a positive temperature
dependence and very low electrical conductivity values, indicative of thermal activation as the
main source of charge carriers. The first heating curve produced the highest ¢ values from 470 K
to 565 K of 0.010 Q'cm™ t0 0.021 Q'cm™! and then displayed a negative temperature dependence
to 685 K with a final value of 0.017 Q'em™!. This negative temperature dependence could be due
to the increasingly mobile Ag” ions above 565 K, resulting in many partially filled Ag atom sites
and a gradient composition decreasing the mean free phonon path.

The first cooling curve generally showed significantly lower values, e.g. 0.006 Q'cm™! at
470 K, pointing to irreversible changes during the first cycle. The subsequent heating and cooling
curves basically matched the values of the first cooling curve, indicating that stability has been
achieved after the first cycle, as was observed in the case of AgoGaSe.'*°
Generally, these values were lower than those reported for AgsSnSe by Shen et al. (o from

5Qem™! to 21 Qlem! from 525 K to 675 K).!'% Compared to the high-performance superionic

conductors CuzSe (¢ from 750 Q'em™! to 250 Q'em™ from 300 K to 900 K),>® and the related
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selenide, AgsSnSes (¢ from 235 Q'lem™ to 175 Qlem™! from 423 K to 723 K),!'? the electrical
conductivity values of AggSnS¢ are uncompetitive.

Negative Seebeck coefficient values were obtained, indicating that AgsSnSe is an n-type
semiconductor. The first heating curve showed a decrease in the absolute values of the Seebeck
coefficient, decreasing from -470 pV K! to -360 pV K'! from 470 K to 615 K. The first cooling
curve displayed significantly higher absolute values, e.g. -470 uV K at 470 K, once again
demonstrating a lack of reproducibility during the first cycle. The subsequent heating and cooling
curves matched the data of the first cooling curve, indicating again that no more irreversible
changes occurred after the first heating.

These absolute values are higher than those obtained by Shen et al., who measured Seebeck
coefficient values of -400 pV K! to -300 uV K! from 525 K to 675 K.!% All of those are very
competitive Seebeck coefficient values, for example in comparison to CuzSe (+75 uV K-! to +250
nV K! from 300 K to 900 K) and AgsSnSes (-150 pV K to -180 uV K! from 300 K to 773 K).

In an effort to enhance the electrical conductivity and therefore the thermoelectric
properties, we attempted to add more charge carriers (valence-electrons) by increasing the Ag
content to the nominal composition ‘Ags.1SnS¢’. As mentioned previously, precipitation of Ag
wires during electrical conductivity and Seebeck coefficient measurements of these materials
above 685 K was observed, and in the case of AggSnSe, stability could be achieved after the first
heating process by measuring within the appropriate temperature range. When initially attempting
to determine the electrical properties of ‘Ags.1SnSs’, Ag wire formation was also observed above
685 K, with an even larger amount of Ag being precipitated. This revealed a reduced stability with

the additional Ag content.
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Limiting the current density to 0.15 pA cm in the material of nominal composition

‘Ags.1SnS¢” was necessary during the measurement up to 770 K to avoid formation of Ag wires.

Even in that case, irreversible changes still happened, as demonstrated in a decreased electrical

conductivity after the first heating (Fig. 5.6a). Overall, the same positive temperature dependence

as in case of AggSnSe was observed, again indicative of thermal activation. The additional Ag

enhanced the electrical conductivity substantially, with initial values of 0.13 Q-'em™ to 14 Q-

lem™! from 480 K to 770 K. After two heating-cooling cycles, reproducibility was achieved, with

lower o values ranging from 0.12 Q'em™ to 6.9 Q'cm™! within the same temperature range.
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Figure 5.6. Temperature dependence of the (a) electrical conductivity and (b) Seebeck coefficient
of ‘Agg1SnSe’.

The absolute values of the Seebeck coefficient (Fig. 5.6b) decreased as expected (S from -
365 uV K to-230 pV K! from 480 K to 770 K) in comparison to AgsSnSe, as there was an overall
increase in the electrical conductivity.

The first thermal diffusivity measurement was performed on a pellet of AgsSnSe from room

temperature up to 850 K, which resulted in the formation of two distinctly different kinds of wires
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on the surface, that faced the laser during the measurement, e.g. the hotter side. An EDAX analysis

indicated the formation of both Ag and Ag>S wires on the surface of the pellet (Fig. 5.7).

Figure 5.7. Presence of Ag and Ag>S wires on the surface of a pellet of AgsSnSe after the thermal
diffusivity measurement up to 850 K; (a) a view of the whole pellet of 12.7 mm diameter; (b) a
higher magnification demonstrating the different morphologies of the Ag and the Ag,S wires.
Based on these observations, the temperature dependence of the thermal conductivity for
both AgsSnSe and Ags.1SnSs was investigated from 290 K to only 785 K (Fig. 5.8). Both materials
exhibited very low thermal conductivity values throughout the entire temperature range. In accord
with the higher stability of AgsSnS¢ compared to ‘Agsi1SnSs’ observed during the electrical
measurements, only the former exhibited reversible curves in contrast to the latter. Here, the phase

transition around 450 K in case of AgsSnSe occurs with a local minimum, which appeared to be

shifted towards lower temperatures in case of the Ag-rich sample.
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Figure 5.8. Temperature dependence of the thermal conductivity of AgsSnSe and ‘Ags.1SnSe’.

AgsSnSe displayed a negative temperature dependence of the thermal conductivity from
290 K to 453 K (from 0.39 W m 'K t0 0.29 W m™'K™!). Because of the low electrical conductivity,
these values stem to over 99% from the lattice thermal conductivity. From 453 K to 785 K, e.g.
above the phase transition, the material exhibited a positive temperature dependence from 0.29 W
m K" to 0.35 W m'K!. The heating curve of the material of nominal composition Ags.1SnSe
exhibited the same trends as AggSnSe, however the thermal conductivity values were higher. A
negative temperature dependence is displayed from 290 K to 420 K (from 0.46 W m'K"! to 0.40
W m'K™), and then a positive temperature dependence until 785 K (from 0.40 W m'K"! to 0.47
W m'K™"). Upon cooling, significantly lower values were obtained, demonstrating lack of stability
due to irreversible changes likely caused by the temperature gradient generated by the laser of the
instrument. This demonstrated again the lower stability of ‘Agg 1SnSs’ in comparison to AggSnSe.

After removal from the instrument, it was noted that Ag wires (Fig. 5.9) had appeared on

the surface on the ‘Agg.1SnSs’ pellet facing the laser, while the pellet of AggSnSe remained clean,
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without any noticeable wire formation. This explains the lack of reproducibility in case of

‘Ags.1SnSe’.

Figure 5.9. Pellet of ‘Ags.1SnSe’ after the thermal diffusivity measurement up to 785 K.

Regardless, both AgsSnSs and ‘Ags.1SnSs” have highly competitive thermal conductivity
values in comparison to CuzSe (1.2 W m'K™! to 0.6 W m'K™! at 300 K to 900 K) and AgsSnSes
(0.45Wm'K't00.35 Wm'K"'at423 K to 723 K). The thermal conductivity values obtained
for AgsSnSe by Shen et al. were slightly higher (0.30 W m™'K™! to 0.38 W m™'K™! from 300 K to
773 K) and did not display the sharp decrease in thermal conductivity values between 391 K and
453 K 100

Because of the instability during the first cycles, the figure of merit values z7T were
calculated from the second heating curve of AggSnSe and the fourth heating curve of ‘Ags.1SnSe’
of the electrical measurements and the first heating curve of the thermal measurements.
Furthermore, the calculation of z7 was limited to 615 K in case of ‘Ags.1SnSs’. This was due to
the flattening of the thermal conductivity curve around 625 K, which is not observed in the curve
of AgsSnSs (which displays a positive temperature dependence). This ‘flattening’ could be
attributed to the formation of silver wires at higher temperatures. Even so, these z7T calculations

need to be considered with caution, as the exact onset of Ag wire formation is not clear.
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Disregarding these limitations, the z7 values for both AggSnSe and ‘Agg.1SnSs’ as-prepared
are both very low (Fig. 5.10) because of the low electrical conductivity. The z7 values for AgsSnSe
ranged from 2x 10 to 5x 10™* between 470 K and 685 K, while ‘Ags 1SnSs’ had values of 0.002
to 0.006 between 480 K and 615 K. In comparison to the values determined for AgsSnSe by Shen
etal. (zT'=0.06 at 615 K and 0.5 at 773 K),'% our figure of merit values were significantly lower,
most likely a consequence of lower charge carrier concentrations as seen in the significantly lower
electrical conductivity.
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Figure 5.10. Temperature dependence of the figure of merit of AggSnSe and ‘Agg1SnSe’.

5.4 Conclusion

This chapter aimed to address the stability issues regarding AgsSnSe, as well as enhancing
the thermoelectric properties with additional silver. We confirmed that AgsSnSe is an n-type
semiconductor with ultralow thermal conductivity. As-prepared, it exhibited high absolute values
of the Seebeck coefficient, and low electrical conductivity. The latter can be enhanced by adding

more Ag, as demonstrated here, or by increasing the carrier concentration as shown by Shen et

31.100
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Our measurements demonstrated that stability concerns for this sulfide were indeed well
founded, as standard data collections resulted in the formation of Ag wires. In case of AgsSnSe,
we found out that limiting the temperatures to remain below 685 K was sufficient to avoid Ag wire
formation and achieve reproducibility in the second measurement cycle. In case of ‘Ags1SnSe’, a
reduction of the current density was also required. These findings indicate that special care needs
to be applied when investigating such canfieldites, and other ionic conductors, for usage as
thermoelectric materials. Doping with immobile cations might mitigate against this detrimental

ionic conductivity, as for example demonstrated for the case of CuzSe.
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CHAPTER 6: Summary and Outlook

The work presented in this thesis examined three different coinage metal chalcogenides for
their potential use as thermoelectric materials. The overarching goal was to use the intrinsic nature
of the materials (e.g. heavy atoms, complicated crystal structures) as a starting point and modify
the carrier concentrations in order to improve the thermoelectric performance.

Chapter three presents the materials CusSnoQ7 (where Q = Se, Te), which both exhibit
metal-like behavior with high electrical and thermal conductivity and low thermopower. By
doping both compounds with Zn, the amount of charge carriers decreased, and therefore a dramatic
increase in the thermopower was achieved from +16 uV K!' for CusSnxSes to +80 pV K! for
CusZnSn,Se7, and from +9 pV K! for CusSnaTes to +21 uV K! for CusZnSn,Te7 (all data at 300
K). Moreover, the electrical conductivity and thermal conductivity decreased. Ultimately
CusZnSnySe; achieved a z7T of 0.20 at 630 K and CusZnSnoTesa zT of 0.05 at 575 K. Although
the thermoelectric properties as a whole improved, these materials are not yet suitable for use in
thermoelectric devices because of their still relatively high thermal conductivity. Further work
could be performed to improve the figure of merit by further decreasing the thermal conductivity
by introducing mass fluctuations or nanostructuring, but these improvements would not turn these
materials into competitive thermoelectrics.

Chapter four revisits BazCuis-sTe12, which was previously discovered and characterized by
the Kleinke group. The previous study did not observe a correlation between copper deficiency
and any of the thermoelectric properties. In this thesis, the samples were hot-pressed, and
subsequently it was noted that increasing the Cu defects 6 in BazCui4-sTe12 caused an increase in
the electrical conductivity. The thermal conductivity values were very competitive (< 1 W m™'K"

1, however the thermopower values were poor. Due to the uncompetitive thermopowers, the
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figure of merit values were not competitive either, with Ba3Cui3z.175Te12 exhibiting the highest peak
zT 0f0.12 at 570 K. Stability of these materials is an issue, but problems can be avoided by staying
below a maximum temperature of 600 K. In order for Ba3;Cuis.sTe12 to be more competitive, the
Seebeck coefficient should be improved. Due to the already appropriate electrical and thermal
conductivity, nanostructuring (e.g. introduction of grain boundaries or nanodomains) should be
implemented, which would increase the thermopower while retaining the electrical conductivity.
However, due to the currently very low figure of merit, it is unlikely that any improvements would
result in BazCui4.sTe12 becoming a competitive thermoelectric material.

Chapter five studies the stability and thermoelectric properties of the mixed ion-electron
conductor AgsSnSe. First measurements revealed serious stability problems with Ag and Ag>S
wires forming during the data collection. It was found that stability could be achieved when the
operating temperature was limited, as well as the amount of current placed through the sample.
By doing so, silver wires would not precipitate out of the sample anymore during physical property
measurements. The maximum figure of merit was previously reported to be 0.5 at 750 K. Since
AgsSnSe is charge compensated, with a low carrier concentration, the electrical conductivity was
increased by introducing additional Ag atoms. The electrical conductivity overall increased from
0.17 Q'em™! at 685 K (no additional Ag) to 6.9 Q'lem™ at 770 K (additional Ag). Since the
electrical conductivity is still too low as well as issues with the stability limit the operating
temperatures and currents, the canfieldite is not suitable for thermoelectrics without further
modifications. In order for AgsSnS¢ to become a competitive thermoelectric material, the
electrical conductivity should be increased. This could be done by doping with a 3+ cation, such
as indium or antimony on the Sn site. Then the stability issues remain to be solved, which might

be done via doping with immobile cations.
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Figure A-1. Powder X-ray diffraction patterns of (a) CusSnaSe7, CusZnSnaSe7 and (b)
CusSnxTe7, CusaZnSnaTer.

Figure A-2. EDAX mappings of ‘CusZnSnzSe;” which displays homogenous distribution of

elements.
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Figure A-3. EDAX mappings of ‘CusZnSnyTe;” which displays homogenous distribution of
elements.
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Figure A-4. Temperature dependence of the electrical and lattice components of the thermal
conductivity of (a) ‘CusZnSn2Se;* and (b) ‘CusZnSn,Te7".
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Figure A-5. EDAX maps of BazCuizg75Te12.
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Figure A-6. DSC of BasCuis.175Ter2 .
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Figure A-7. Temperature dependence of the power factor of Ba3Cuis-sTei2 (where 0 = 0.025,
0.500, 0.576, and 0.825) with 8% error bars.
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Figure A-8. Temperature dependence of (a) electrical component of the thermal conductivity and
(b) lattice component of the thermal conductivity of BazCuis.sTe12 (where 6 = 0.025, 0.500,
0.576, and 0.825).
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Figure A-9. Temperature dependence of the power factor of BazCui3Ago.o7sTer2 and
Ba3;CuizAgososTerr with 8% error bars.
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Figure A-10. Temperature dependence of (a) electrical component of the thermal conductivity

and (b) lattice component of the thermal conductivity of BazCui3Ago.e75Ter2 and
BaszCuizAgosasTer.
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Figure A-11. X-ray powder diffraction data of AggSnSe and ‘AgsSnSe’
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Figure A-12. Combined DSC/TG curves of AgsSnSe. The peak during cooling below 700 K is an
artefact of the machine setup.
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Figure A-13. Specific heat of AggsSnSe.

Figure A-14. EDAX mappings of ‘AgsSnSe’ which dslays hogeu ditribution of
elements.
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Table A-1. Refined lattice parameters of of Cus«Zn,Sn»05.

‘CusSnSe7” ‘CusZnSn,Se7’ ‘CusSnyTes” ‘CusZnSn,Tes’
a(A) 12.5580(8) 12.6067(5) 13.544(1) 13.5925(2)
b(A) 5.6570(2) 5.6771(1) 6.0442(2) 6.0696(2)
c(A) 8.9991(5) 8.9270(6) 9.5771(3) 9.4935(2)
B(©) 98.170(5) 98.135(3) 98.063(3) 98.302(2)
V(A% 632.81(7) 632.47(5) 776.26(5) 775.02(3)
Table. A-2. Results of EDAX confirming homogeneity of ‘CusZnSn;Se;’
Element Atomic Percent
Theoretical Average STDEV
Cu (K) 28.57 29.36 1.18
Zn (K) 7.14 6.81 1.05
Sn (L) 14.29 14.68 0.32
Se (L) 50.00 49.14 1.94
Table. A-3. Results of EDAX confirming homogeneity of ‘CusZnSn,Te;’
Element Atomic Percent
Theoretical Average STDEV
Cu (K) 28.57 28.04 1.77
Zn (K) 7.14 7.28 0.77
Sn (L) 14.29 14.67 1.05
Te (L) 50.00 50.01 1.34
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Table A-4. Results of EDX confirming homogeneity of BazCuis.sTei2

Material | Element \ Atomic Percent \
Theoretical Average STDEV

BazCuisz.975Ter2 Ba (L) 10.4 11.1 0.64
Cu (K) 48.2 45.9 0.40

Te (L) 41.4 43 0.99

BasCuissoTern Ba (L) 10.5 11.4 0.49
Cu (K) 47.4 45.2 0.93

Te (L) 42.1 43.5 0.78

Ba3CuizssTern Ba (L) 10.6 10.4 0.30
Cu (K) 47.0 47.0 0.69

Te (L) 42.4 42.7 0.84

Ba3Cuis.175Teiz Ba (L) 10.7 10.9 0.58
Cu (K) 46.8 46.0 0.49

Te (L) 45.6 43.2 0.45

Table A-5. Results of EDAX confirming homogeneity of BazCuis.s.cAgTern
Material | Element \ Atomic Percent
Theoretical Average STDEV

Ba3;CuizAgoorsTern Ba (L) 10.4 11.1 0.20
Cu (K) 44.9 44 1.54

Ag (L) 3.4 24 0.71

Te (L) 41.4 43.1 0.74

Ba3CuizAgosoTel2 Ba (L) 10.5 10.7 0.20
Cu (K) 45.6 46 0.95

Ag (L) 1.8 1.2 0.33

Te (L) 42.1 42.6 0.46

Table A-6. Results of EDAX confirming homogeneity of ‘AgsSnSe’

Element

Ag (L)
Sn (L)
S (K)

Atomic Percent
Theoretical Average STDEV
53.33 52.17 0.99
6.67 6.59 0.83
40 41.1 0.62
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Table A-7. Results of EDAX confirming homogeneity of ‘Agg 1SnSe’

Element Atomic Percent
Theoretical Average STDEV
Ag (L) 53.64 54.30 0.47
Sn (L) 6.62 6.15 0.25
S (K) 39.74 39.56 0.22
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