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Abstract

The objective of this thesis was to study the thermoelectric properties of copper
chalcogenide-based materials with mixed chalcogen atom sites. Herein, the effect of different
concentrations of chalcogen atoms on the physical property measurements and the
performance of the thermoelectric materials with two different crystal structures were
investigated. In addition, stability studies of two materials with different chalcogen atoms (S

and Se) surprisingly revealed substantially different behavior.

Due to the stability issues as a consequence of Cu ion conductivity at elevated
temperatures, the thermoelectric application of CuxxS and S-CuxSe is restricted at these
temperatures. Taking that into consideration, quaternary copper chalcogenides with additional
large atoms, Ba and Te, were synthesized. The quaternary barium copper selenide- tellurides,
BasCuiesxSe11yTey, were synthesized with different x and y values by a melting and slow
cooling process. Measurement of the thermoelectric properties revealed changes during
repeated measurements of the same samples. Further investigations including single crystal
studies after the measurements proved that this is likely a consequence of Cu ion conductivity
in these materials. The reproducibility of the data was investigated by varying the maximum
temperature as well as the current density. As a result, decreasing the maximum temperature
and current density led to full stability. Finally, their figure-of-merit, zT, only reached a

maximum value of 0.49 at 690 K.



Furthermore, thermoelectric properties of the barium copper sulfide-tellurides,
BasCuisxS11yTey, were studied. Among three different studied compositions, hot-pressed
BasCuis.3S7.5Tess has the highest power factor, 4.6 uW cm=2K=2, which is almost 50% higher
than that of the best cold-pressed sample, BasCu1sSeTe2 with 2.4 pW cm~*K=2 at 700 K. These
quaternary sulfide-tellurides are bestowed with an extraordinarily low total thermal
conductivity, which is below 0.6 W m~'K"! throughout the entire studied temperature range.
In contrast to the selenides, the sulfides are stable under the applied measurement conditions.
In addition, their higher stability at elevated temperatures compared to Cu.S and S-Cu,Se with
high zT values renders them more feasible for thermoelectric devices. Among the three studied
materials, the one with the highest Te content, BazCuis3S75Tess, exhibited the lowest thermal
conductivity and the highest electrical conductivity, which resulted in zT = 0.88 at 745 K. This

zT value is also almost two times larger than the zT of BasCuiexSe11-yTey.

The quaternary barium copper selenide-tellurides, BaCuexSeiyTes+y have been
reported earlier to be p-type semiconductors, when x = 0.1 and y = 0. Here, we studied the
properties after varying the Cu and the Se/Te concentrations. At first, materials with the same
nominal Cu concentration, 5.9 Cu per formula unit, and different Se/Te ratios were prepared.
The different thermoelectric properties indicated that the Se/Te ratio strongly affected the Cu
deficiency, which is directly responsible for the charge carrier concentration. Single crystal
structure data revealed the Cu amount to be less than 5.8 per formula unit when y = 0.4;
therefore, a sample of nominal composition “BaCus74Seo.s6T€654” was also studied. This

sample exhibited an electrical conductivity of 685 Q'cm™ at room temperature, which is



almost three times larger than in case of “BaCus9SeTes”, in accord with the lower Cu amount
causing a larger hole concentration. The larger mass fluctuation on the Se/Te site resulted in a
lower lattice thermal conductivity, but the decreased Seebeck coefficient mitigated a
performance increase in form of a higher figure-of-merit. In contrast to the binary Cu

chalcogenides, Cuz«xS and S-Cu2xSe, the data are stable under the measurement conditions.

Vi
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1. Introduction

1.1 Thermoelectric Phenomena

In todays’ society, energy plays a vital role as it is a necessity for everyday life. Fossil
fuels are a natural resource that our society is heavily dependent on for energy production.
However, more than half of the energy manufactured is wasted as heat. Also, fossil fuels are
non-renewable and their cost is ever-increasing due to their depletion. Therefore, converting
this heat into useful energy with inexpensive materials could prove to be very beneficial to
society. Thermoelectric materials can help solve this issue as they can directly generate useful

electricity from waste heat.

One fundamental aspect of thermoelectrics is the Seebeck effect. In 1821 Thomas
Seebeck noticed a deviation in a compass needle in a loop with a temperature difference
between the two dissimilar materials in vicinity of it. Although he falsely related this
phenomenon to the magnetism at the beginning, he studied this effect in a multiple number of
materials, i.e. metals and semiconductors later on. This so-called Seebeck effect is in essence
the fundamental of thermoelectrics, which has been used in thermoelectric series to generate
electricity from heat for several decades.? The Seebeck coefficient (o) is the voltage difference
(AV) caused by an applied temperature gradient (AT) at a thermoelectric junction (Equation
1.1). The automotive industry intends to use this effect by converting waste heat generated

from gasoline engines into useful energy.>® Dongfeng Trucks,” Gentherm Incorporated,?



SANGO Co., Ltd.,® Tenneco Inc., and Valeo!! are examples of companies that have tested
thermoelectric devices in the automotive industry. The Seebeck effect has also been proven to
be useful in the space industry.®? For example, by utilizing the Radioisotope Thermoelectric
Generators (RTG) in missions such as Apollo, Viking and Voyager, the heat caused by the

natural decay of Plutonium-238 was successfully converted into electricity.*?

AV
a= AT (1.1)

The opposite effect of the Seebeck, with the application in cooling systems, is called
the Peltier effect. Almost a decade after the discovery of the Seebeck effect, Peltier discovered
that the difference in voltage at a thermoelectric junction would result in a temperature
difference at that junction. This in fact is a result of the generation or absorption of heat while
the current is passing the junction of two different materials. The Peltier effect, z, is computed
from Equation 1.2, where Q is the heat carried by charges and I is the current across the
junction. Few examples of the commercialized applications of Peltier effect include car seats,
coolers and referigerators.'> Companies such as European Thermodynamics!* and 11-VI

Marlow™® have utilized the Peltier effect in some of their products.

T =- (1.2)

In 1851, Lord Kelvin (William Thomson) correlated the Seebeck and Peltier effect



thermodynamically. In this effect which is known as the Thomson effect, the absorption or
production of heat is explained based on the direction of the passing current to the thermal
gradient (Equation 1.3).2 In order, a, z, and T are the Seebeck coefficient, the Peltier effect,

and the absolute temperature in this equation.
A
a = T (1.3)

1.2 Thermoelectric Efficiency and Dimensionless Figure-of-Merit

The dimensionless figure-of-merit, zT, of a thermoelectric material is defined in

Equation 1.4.1°

zT = —T (1.4)

In the equation above, thermal conductivity, «, is inversely related to the figure-of-
merit. The power factor of a thermoelectric material, ¢ o, is the product of the square of the
Seebeck coefficient, «, and electrical conductivity, o, and thereby a measure for the electrical

performance of the thermoelectric material.

The power generator® and the cooling refrigerator’s maximum efficiency’’ denoted as

nmax and pmax respectively, are shown in Equation 1.5 and Equation 1.6.



_ Ty—Tc J1+2T—-1
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e = T T zTr (19)
T¢ V1+ZT—§%

Pmax = (1.6)

Ty—Tc V1+ZT+1

In both equations, ZT is the average figure-of-merit of the device, which is at best the
average of the zT values of the p-type and n-type materials, averaged over the applied
temperature range. In order, Th and Tc refer to the mean temperature at the hot end and the
cold end. Thus, improving the zT values of the thermoelectric materials is one of the most
important areas of thermoelectric studies. Indeed, this is very challenging as all the parameters

which define the material’s zT are interrelated.

1.3 Thermoelectric Properties Interdependence

In order for a material to achieve larger zT values, the electrical conductivity and the
Seebeck coefficient should increase, and the thermal conductivity should decrease. However,

optimizing one parameter typically precludes the optimization of others.
Excluding lattice thermal conductivity, xi, the rest of the thermoelectric key properties
are related to the charge carrier density or charge carrier concentration, n, which is expressed

in Equations 1.7 to 1.10.

o=neu a.7)



K=K+ Ke (18)
ke=LooT (1.9

k=x +LoneuT (1.10)

Where o is the electrical conductivity, e is the elementary charge (1.602 x 10° C), n
is the carrier concentration and g is the charge carrier mobility. In order, «, xL and xe are
thermal conductivity, lattice thermal conductivity and electronic thermal conductivity. In the
equations above, T is the absolute temperature and Lo is the Lorenz number. Equation 1.9 is
known as the Wiedemann-Franz relation.'® Based on the equations above, increasing n causes
oand « to increase. In order for a material to be considered as an effective thermoelectric, the
carrier concentration should range between 10 cm=3 - 102 cm3 (typical heavily doped
semiconductors).'® Tuning carrier concentration via doping a compound with electron donors

or acceptors is the most popular way to effectively optimize n in that compound.

The number of the available states that could be occupied by electrons at each energy
level in a material is known as density of states (DOS). Electrical conductivity increases
proportionally to the available density of states near the Fermi level, DOS(E) (Equation 1.11).
On the other hand, the Seebeck coefficient is directly related to the first derivative of DOS(E),

and inversely proportional to DOS(E) (Equation 1.12).2°

0 X DOS(E)|g= g, (1.11)



a o« — 4ROSEE) (112)
DOS(E) dE lp_p,

Therefore, a large DOS at the Fermi level with a positive impact on the electrical
transport properties would potentially enhance the efficiency of the thermoelectric material. In
general, a material that possesses a band structure with concurrent flat bands (larger effective
mass and larger «) and parabolic bands (larger electron mobility, larger o) are the most ideal
for thermoelectric performance. In most thermoelectric materials with complexity in their band
structures, high DOS(E) does not occur with a high electrical conductivity at the same time. In
contrast, a large Seebeck coefficient attributed to a large number of spikes close to the Fermi
level is expected. In addition, high complexity of the crystal structure and the band structure is

favorable for the material to achieve a low thermal conductivity.

According to the Equation 1.8, the thermal conductivity of a thermoelectric material is
a sum of the electronic, xe, and the lattice, x., thermal conductivity. The contribution of the
electronic thermal conductivity to the thermal conductivity in heavily doped semiconductors
with a large number of charge carriers is noteworthy. This in part affects the thermoelectric

properties adversely.

The ratio of «/(cT), known as Lorenz number, L, was first calculated theoretically by

Drude; applying the ideal gas law in Equation 1.13.



K = gvaV = §U2TCV (1.13)

Where | is the phonon mean free path, v is the average phonon velocity and Cy is the
volume heat capacity. The phonon mean free path is a product of z, the relaxation time, and .

Finally, Drude found the ratio of x/o based on the assumptions for the kinetic energy and the
heat capacity calculated from the kinetic energy (%mvz = ngT) and heat capacity (g kgn)

with n being number of the electrons per unit volume (Equation 1.14).2

1 2 2
L= o1 =2(%2) =111 x 107° WQK? (1.14)
oT ne2T 2\e
The L value from Drude’s model is calculated as 1.11 x 10 WQ K=2. However, this

is less than half of the accepted value used nowadays. Based on the Fermi-Dirac statistics for

a free electron, L is calculated as per Equation 1.15; which was initially presented by

Sommerfeld.??

2 2
Lo = %(";3) = 244 x 1078 WQ K2 (1.15)

Here, the applied heat capacity is lower than the heat capacity of the ideal gas in

Drude’s calculation by a factor of%2 (';—B T), as it is shown in (Equation 1.16).
F



c, =" (""—B T) nkpg (1.16)

In addition, equation 1.15 is based on the corrected estimation of the classical

mean square velocity, o, by a factor of Er/kgT.

The Lorenz number is expressed as Lo if the electrons are highly degenerate, which
typically occurs at very low temperatures in metals. However, depending on the type of
scattering mechanisms in electrical and thermal conductions, L might become smaller or larger
than Lo. At lower temperatures, the electron mean free path is equal for electrical and thermal
conductivity, le and I, respectively. These values are equal because only elastic scattering

occurs at low temperatures. As a result, L = Lo = 2.44 x 108 WQ K2 in Equation 1.17.
A
L=1L, (l—) (1.17)
e

At higher temperatures where the scattering process is inelastic, It # le and therefore L
+ Lo.2 Similar to metals and alloys, deviations from Lo in heavily doped semiconductors
mainly depend on the temperature of the temperature dependent scattering mechanisms, and
the level of doping. The value of L for semiconductors is in the range of 1.50 x 10° WQ K=

(non-degenerate limit) and 2.44 x 10® WQ K2 (Sommerfeld value; degenerate limit).



1.4 Strategies to Reduce the Lattice Thermal Conductivity

Lattice thermal conductivity can be decreased in several ways. According to the theory

proposed by Slack,?* which relates . to crystallographic results, Equation 1.18 is deduced.

VT 0* (1.18)

Ky & Vi y2(Natom)?/3

Based on the Equation 1.18, low melting point (Tm), short atomic distances (o), large
average masses (m) and a large number of atoms per unit cell (Natom) could assertively suppress
the lattice thermal conductivity. In this equation, y is the Griineisen parameter, which relates
the phonon frequency to volume variation in crystals.?® In general, most efforts to reduce .
involve shortening the phonon mean free path. As such, any mechanism of scattering, which
affects phonons more than electrons, would decrease x. more than the electrical conductivity.
The term PGEC (Phonon-Glass Electron-Crystal) refers to an ideal thermoelectric material,
which behaves as glass towards phonons and behaves as crystal with respect to electrons.?® To
follow up with this concept and according to Equation 1.18, some of the approaches to achieve
a low x_ are listed as follows: utilization of materials with the rattling effect, large mass
fluctuations, heavier atoms, complex crystal structures, larger lattice defects and fine-grained
materials for scattering phonons through grain boundaries. Moreover, the extension of PGEC,
so-called PLEC (Phonon-Liquid Electron-Crystal) which is a result of eliminating all

vibrational modes, has an outstanding impact on minimizing . .%’



1.4.1 Rattling Effect

Type | inorganic clathrates and filled skutterudites are well-known for their low lattice
thermal conductivity due to the rattling motion of atoms inside cage-like structures. This is
referred to as the rattling effect. This in turn leads to high thermoelectric performance of these

materials at elevated temperatures.?%2°

Type | clathrates with the general formula of AgEss (A = group | or Il elements, E =
group XIII and XIV elements) are classified as Zintl compounds.®® The structure of these
compounds is composed of a cage-like framework formed by covalent bonding of the host
atoms, which is filled with a non-bonded ionic so-called “rattling” guest atom.3! The rattling
atom with a large anisotropic atomic displacement parameter (ADP), scatters the phonons and

lowers x. accordingly.®? The crystal structure of cubic BasGaieSiso is displayed in Figure 1.1.
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Figure 1.1 Crystal structure of BagGaisSiso. Space group: cubic Pma3n.

Ba atoms are in black, Ga/Si atoms are in green.*

Two types of cages, pentagonal dodecahedra and tetrakaidecahedra, can be found in

clathrates | (Figure 1.2). The pentagonal dodecahedral cage contains the atom Al while the
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larger tetrakaidecahedron with two hexagonal and twelve pentagonal faces includes the atom

A2. Hence, Al and A2 possess very large coordination numbers of 22 and 24, respectively.

Figure 1.2 Bal-centered dodecahedron (left), Ba2-centered tetrakaidecahedron (right).

Ga/Si atoms are in green.

The electropositive atom, A, donates valence electrons to the E atoms. The A and E
atoms are also referred to as the “guest atoms” and the “host atoms” respectively. In this
structure, each E atom is connected to another four E atoms in a three-dimensional anionic
framework.>* Valence-balanced semiconducting clathrates such as BasGais(Si,Ge)so contain
184 total valence electrons, which are assigned to the host atoms. Since mixed occupied sites
of E = Ga/(Si,Ge) are present in these structures, the reduced formal balance for all of the E
anions is one per bond; allowing a valence balanced formula to be achieved.®® Clathrates
contain free charge carriers as a consequence of valence-imbalance. By varying the
concentration of the host atoms, these materials can adopt different properties. For example,

BasGaisxGeso+x behaves as a p-type semiconductor when x > 0 and n-type when x < 0. The
12



experimentally obtained lattice thermal conductivity of both n-type and p-type materials is ~
1.0 W m 'K As mentioned earlier, the relatively low thermal conductivity of clathrates is
a consequence of the rattling guest atom, thereby the heat-carrying phonons interact with the
vibrational modes of the rattling atoms to lower the lattice thermal conductivity to around that

of the glass-like thermal conductivity.36:3

Skutterudites, another example of materials with rattling atoms, crystallize in a cubic
ReOs-related crystal structure with a space group of Im3. In contrast to ReOs, the MQ3z (M =
transition metals of groups 8 - 10 and Q = pnicogen atoms) octahedra are tilted. As a result of
the existence of the distorted octahedra, skutterudites are comprised of planar Q4 units and two
Q12 icosahedra in one unit cell.>* These Q12 icosahedra could be treated similar to the host
cages in clathrates. In the filled skutterudites, these polyhedra may be either filled with alkaline
or rare earth elements. The filled skutterudites with the general formula of RM"xM4xQ12 (R =
rare earth group,) have a low thermal conductivity due to the existence of the rattling atoms R.
The crystal structure of the first filled antimonide skutterudite (LaFesSbi2) and the LaShi

icosahedron are depicted in Figure 1.3.
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Figure 1.3 Crystal structure of cubic LaFesSbi. Space group: cubic Im3. (La = blue, Fe =

green and Sb = red) (left), LaSbi2 icosahedron (right).*®

1.4.2 Materials with Complex Structures

Materials with complex crystal structures have smaller phonon mean free paths, and
lower lattice thermal conductivity values. In addition, a low mobility of the charge carriers

leads to a smaller electrical conductivity of these materials.3!*

B-ZnsShs crystallizes in a rhombohedral crystal structure (space group R3c). This
structure is composed of ZnShs tetrahedral units. It is also composed of linear chains of Sb
atoms with distances of 2.82 A and 3.38 A. The occupancies of three out of four Zn sites, were

refined as 4% - 6%; and the occupancy factor of the remaining Zn site was refined as 90%
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(also deficient). Therefore, the formula was refined as Zns.s3Sbs.®® Since Sb atoms are in the
form of isolated anions (Sh*") and pairs (Shs%"), using the Zn site with the largest occupancy,
namely Znl, and ignoring the three other Zn deficient sites, the crystallographic formula
(Zn1)e(Sb1)3(Sh2). is deduced. Therefore, the charge-balanced formula based on the assigned
charges is (Zn?*)6.5(Sb®)3(Sh)2*" for ZnseShs. Thus, the refined formula of Znss3Shs is Zn-
deficient. As a result, /-ZnsShs with a band gap of 0.3 — 0.4 eV is a p-type semiconductor.*%4
A very low lattice thermal conductivity of 0.65 W m~tK* at room temperature could be mainly
attributed to a complex structure as well as the presence of many disordered Zn sites and
vibrations within the Sb atom chains.>**? A zT of 1.3 at 670 K was attained mostly because

this material possesses low thermal conductivity.*344

Yb14MnSbi: is another example of a material with complexity in its crystal structure.
This compound crystallizes in a Cai4AlShi1 type structure (space group 141/acd).*® This
structure is composed of MnSha tetrahedral units and a linear Shs’™ unit with a single bond
distance of 3.20 A between Sb atoms (Figure 1.4). A low thermal conductivity of 0.9 - 0.7 W
m~1K in a temperature range of 300 K — 1275 K allows this material to perform well at

elevated temperatures with a peak zT of 1.1 at 1275 K.

15



Figure 1.4 Crystal structure of Yb14MnSb11. Space group: 141/acd. Yb atoms are in blue, Mn

atoms are in green, and Sb atoms are in red. Only Mn-Sb and Sb—Sb bonds are shown.*

1.4.3 Heavy Element Containing Materials

Two of the most famous conventional bulk thermoelectric materials used in
thermoelectric industries are lead telluride (PbTe) and bismuth telluride (Bi2Tes). PbTe
crystallizes in the simple cubic rock salt structure. Undoped PbTe with a band gap of 0.32 eV
and melting point of 1197 K at 300 K serves as a typical semiconductor.*’ According to
Equation 1.18, a low lattice thermal conductivity of ~ 2.0 W m™'K™! can be explained by a
large average mass of 167.4 g mol™ for this material. Therefore, carrier concentration

optimization through one of the commonly used methods, doping, in conjunction with the
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relatively low xi led to a large zT. Hence, the n-type PbTeixlx and p-type NaxPbi-xTe revealed
a zT value of 1.4 at 750 K.*8% The isostructural PbSe also performs as an outstanding
thermoelectric material at elevated temperatures. This again is in part a result of the
surprisingly low xi_ of PbSe, which resulted in a zT of 1.2 at 850 K in case of Nao007Pbo.o93Se.>°
The lower . of PbSe as compared to PbTe is related to larger anharmonic vibrations of the
PbSe lattice.>! Recently, layered SnSe, which crystallizes in a three-dimensionally distorted
NaCl structure, was revealed to possess a remarkably low x < 0.4 W m'K™! at 923 K. This
material’s low lattice thermal conductivity was attributed to large phonon-phonon scattering
due to a large anharmonicity.>? The proportionality constant that relates the atom displacement
to the potential energy is called the spring constant. In this case with large anharmonicity,
increasing atom displacements from equilibrium causes a variation in spring constant and an
enhancement of the phonon-phonon scattering accordingly. Consequently, a zT of 2.3 for the

undoped SnSe along the b-axis at 923 K was achieved.>

Bi>Tes-based materials are still known as one of the state-of-the art materials with
substantial thermoelectric properties around room temperatures and above. Bi,Tes crystallizes
in a layered rhombohedral structure with layer orders of ...Te-Bi-Te-Bi-Te... along the
crystallographic c-direction. Therein, each Te atom is coordinated by six Bi atoms, and each
Bi atom is similarly coordinated by six Te atoms (Figure 1.5). At the outside of this 5-layer
package, each Te atom is surrounded by only three Bi atoms. Due to the anisotropic crystal

structure, the physical properties are also anisotropic. For example, the value of the thermal
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conductivity measured perpendicular to the c-axis is 1.5 W m~'K™!, which is over two times

larger than the one along the c-axis, 0.7 W m'K™'.>

Figure 1.5 Layered crystal structure of Bi,Tes; octahedral BiTes polyhedra are highlighted.>*

1.4.4 Mass Difference (Mass Fluctuation)

Mass difference scattering, which is also known as mass fluctuation scattering, is one
of the most important phonon scattering mechanisms. The strength of the phonon scattering

caused by the mass fluctuation is expressed by

S

r=Yf (1 - ")2 (1.19)
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Where I' is the strength of the phonon scattering, fj is the fractional concentration of the
impurity mass, M; is the impurity mass and M = Y. f; M; is known as the mean atomic mass.
Here, impurities are atoms with a different size and mass than that of the host atoms.> Further
reductions to the lattice thermal conductivity of Bi>Tes were accomplished by the formation of
the solid solutions such as Bix(TexSeix)s and (BiixSbx)2Tes, which crystallize in the
rhombohedral structure. By reducing the lattice thermal conductivity due to the mass
fluctuation (alloy disorder), a maximum zT of 1.0 at 300 K for n-type Bi>Te27Seo.3 and p-type

BiosSh1sTes was achieved. >

Silicon-germanium alloy, Si1-xGex, could be utilized in thermoelectric applications at
temperatures greater than 800 K with no significant deterioration. These alloys possess
remarkably lower lattice thermal conductivity, namely 10 W m'K™! for Sio7Geos, than
elemental Si, 150 Wm™'K™!, and Ge, 63 W m~'K™'.°6 The largest zT of around 1.0 was reached
for the n-type Sio.sGeo.2 at 900 K, whereas the so far maximum zT value of the p-type Sii1-xGex

materials is only 0.6.%’

The materials studied in chapters 3 and 4 of this thesis, BazCuis-xSe11-yTey and BasCuzs-

xS11-yTey, possess low lattice thermal conductivities as a result of mass fluctuation and complex

structures.
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1.4.5 Nanomodifications

Nanostructuring is a proven technique to improve the ratio of the electrical transport
properties to thermal conductivity. Ideally, this technique decreases the short to medium
phonon mean free paths due to scattering via grain boundaries, thereby effectively reduces the
lattice thermal conductivity. Furthermore, enhancement of the Seebeck coefficient through
energy filtering while the electrical conductivity chiefly remains unchanged, improves the ratio
of the electrical transport properties to the thermal conductivity. A scheme of the effect of
different nanoparticles and interfaces on mean free paths of the phonons and electrons is

presented in Figure 1.6.°8-%
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Figure 1.6 Effect of particles and interfaces on mean free paths of phonons and electrons.

Reprinted with permission from ref.®* Copyright 2019 Elsevier.
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Further suppression of very low lattice thermal conductivities through
nanomodifications is often unsuccessful, for instance in SnSe. In this example, the larger size
of the grain boundaries as compared to the heat carrier phonons with smaller mean free path
precluded the effective contribution of nanostructuring in reducing the lattice thermal

conductivity.>

Nanomodifications of the state-of-the-art materials PbTe and Bi>Tes lowered the lattice
thermal conductivity and drastically increased the zT values. The LAST materials (Lead
Antimony Silver Telluride) with the general formula of AgPbmSbTem+2 are known for their
remarkably low thermal conductivity due to the existence of Ag-Sb-rich nanodomains in an
Ag-Sb-poor matrix.®? These materials are solid solutions between AgShTe; and PbTe with the
cubic structure. Evidently, the nanodomains minimized the thermal conductivity to around 1.0
W mK?at 800 K for AgPb1sShTezo with a peak zT of 2.2, which in fact outperforms the

other thermoelectric materials at this temperature.

Bi2TessMWCNT nanocomposite, which was formed by adding 0 to 0.25 wt-%
MWCNT (multi-wall carbon nanotubes), obtained a zT of 1.5 at 350 K. This showed an
increase of about 50% in the zT value as compared to the bulk Bi,Tes at the same temperature.53
To date, the highest attained zT corresponding to Bi,Tes/Sh,Tes superlattice is 2.4 at 300 K.%
Another example of nanostructuring Bi>Tes-based materials includes nanostructuring of (Bis-
xSbx)2Tes through a method called SE-MS-SPS (single-element - melt-spinning - spark-

plasma-sintering).®® The nanostructured sample, which was synthesized through this fairly fast
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synthetic process, exhibited a lower x = 0.40 W m~tK™* compared to the commercial ingot
with k. = 0.70 W m~*K™! above 300 K. Due to a larger Seebeck coefficient, lower thermal
conductivity, and a nearly identical electrical conductivity, the nanostructured material
exhibited a maximum zT of 1.5 at 390 K. This zT value is ~ 60% higher than the reported zT

value for the bulk (Bi1.xSbx)2Tes at this temperature.

1.4.6 PLEC (Phonon-Liquid Electron-Crystal)

1.4.6.1 Binary Copper Chalcogenides, Cu2Q (Q =S, Se, Te)

In binary copper chalcogenides, Cu2Q (Q =S, Se, Te), x. decreases drastically by
eliminating some of the vibrational modes. In typical solids, the heat capacity reaches or passes
the Dulong-Petit limit, 3 Nks (N is the number of the atoms and kg is the Boltzmann constant).?’
In contrast to most solids, the heat capacity of the Cu2Q compounds is very close to the liquid
limit, 2 Nks - 2.5 Nkg, explaining the liquid-like behavior of these materials at high

temperatures.

Copper selenide, CuzSe, experiences two phase transformations. The low temperature
monoclinic a phase transforms to the high temperature cubic anti-fluorite g phase above 410
K. The Cu ions are more ordered in the a phase, and they exhibit more disorder at high
temperature B phase. The high temperature  phase is composed of two sublattices: the Se?
anions form a face-centered cubic sublattice, whereas the Cu™ ions flow between the interstitial

sites exhibiting superionic behavior. Therefore, liquid-like migration of the Cu ions causes the

22



reduction of the heat capacity to 2 Nks - 2.5 Nkg.®5” As a consequence of the superionic
behavior of the Cu ions in the high temperature structures of the Cu2Q compounds, large zT
values of 1.0, 1.5 and 1.7 for copper telluride (CuzTe), Cu.Se and copper sulfide (Cu1.97S) were
achieved at 1000 K respectively.®® Further suppression of the lattice thermal conductivity was
achieved by the formation of Cu,S and Cu,Se solid solutions.®® Hence, a decrease in thermal
conductivity was established in slightly S-substituted Cu.Se, Cu2So.0sSeos2, due to larger
phonon scattering via alloy disorder. A smaller copper vacancy also occurred, since the ionic
bonds of Cu-S are stronger than those in Cu-Se. Ultimately, a zT value of 2.0 at 1000 K was

attained.”®

Cu.Te has the most phase transformations among all Cu.Q and the smallest zT
compared to the rest of the Cu2Q materials. Undoped CuzTe achieved a peak zT of 0.29 at 900
K while doping this material with Ag, increased the zT to 1.0 at the same temperature.”
Tellurides have larger copper vacancies than sulfides or selenides. This is a result of a smaller
electronegativity difference between Cu and Te atoms, and more covalent behavior of Cu-Te
bonds. Furthermore, formation of Cu,S/Se-CuzTe alloys not only reduced x. of the high
temperature disordered phase, but it also tuned the charge carrier density to the optimal values.
By applying the nanoscale concept of mosaicity, the electrical transport properties and thermal
conductivity of the mosaic bulk Cux(S,Te) surpassed those of the high temperature Cu.S and
Cu,Te.”? Due to nearly identical orientations of mosaic crystals inside the bulk mosaics, in
contrast to the typical polycrystalline compounds, these mosaic blocks behave as single

crystals. Therefore, great electrical properties were resulted due to the consistency of the
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lattice. On the other hand, phonon scattering due to the existence of grain boundaries led to a
low thermal conductivity (i.e. ~ 0.4 W mK*at 1000 K for Cu2Sos2T€o.4s). Meanwhile, a large
power factor of ~ 9.0 xW cm™K at this temperature allowed a zT value of 2.1 to be achieved.
Nanostructuring of Cu.Se through ball milling followed by spark plasma sintering (SPS)
introduced a variety of defects as well as a larger number of grains; thereby resulting in a very
low thermal conductivity of 0.34 W m~*K™, With this zT of 2.1 at 973 K, nanostructured Cu,Se

outperforms other thermoelectric materials at this temperature.”

1.4.6.2 Ternary Copper Chalcogenides

CuCrSe; has a layered structure composed of CrSe; layers and mobile Cu® ions
between these layers. As a result of Cu ion migration, this material is a superionic conductor
with a large zT value of 1.0 at 773 K.”* Further enhancement of the zT value was accomplished
in a (AgCrSe2)os5(CuCrSez)o.s nanocomposite. A very low thermal conductivity of 0.2 at 773

K resulted in a zT of 1.4 at this temperature for this material.”

High temperature bornite, CusFeSa, crystallizes in the a-CusS structure.”® Comprising
disordered Cu, Fe atoms and vacancies at elevated temperatures, CusFeS4 exhibits a very low
lattice thermal conductivity of around 0.5 W m~tK™1. Optimizing an electrical conductivity
while retaining a high Seebeck coefficient, a maximal zT value of 1.2 at 900 K for a solid

solution, 0.8CuS4-0.2CusFeSg4, was attained.
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CusGeSes possesses a very low thermal conductivity of ~ 0.3 W m'K™! at 750 K and
a zT of 0.5 at this temperature.”” The low thermal conductivity in this example was understood
as a result of the weak bonding between the Cu ions and [GeSes] sublattice. Benefiting from
alloying of Cu/Ag and Se/Te, the low x_ was preserved while the electrical conductivity was
significantly enhanced. This was attributed to larger Cu deficiency which was caused by

weaker Cu—Te bonds as compared to Cu—Se bonds.

1.5 Stability of the Copper Chalcogenides

Thermoelectric materials must be thermally and mechanically stable in order for them

to be successfully employed in thermoelectric devices.

Cu ion migration in $-Cu2Se has a detrimental effect on thermoelectric properties of
this material at higher temperatures, because applying a large current through the material at
1200 K resulted in device deterioration. This degradation was proven by the observation of a
Cu gradient between two ends of a measured bar of Cu,Se. Finally, evaporation of Se and
precipitation of Cu, degraded the material. To further investigate the stability issue, an
electromigration experiment was designed by using a modified Seebeck apparatus (operation
was allowed with applied current). After applying current through a specimen for 24 hours
with the Cu ion direction being opposite to temperature gradient, optical observation proved

deformation in the measured sample.”
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In addition, the stability issue in S-Cu.xS (prepared through the melt-solidification
technique) was illustrated through non-reproducible thermoelectric physical property
measurements.’® This stability issue was observed in other ionic conducting materials such as
ternary copper chalcogenides, CuzPSes.®° After an order-disorder phase transition above 300
K, an unrestricted Cu ion migration occurs in this material. Stability investigations through
cycling the thermoelectric properties for six cycles revealed non-reproducibility between
consecutive measurements. Sample decomposition and darker areas related to decomposed
products were observed on sides of the measured pellet. In conclusion, materials that may be
ionically conducting should be tested prior to thermoelectric applications to prevent devices

from deforming due to ion migration.

In order to make highly ionic conductive materials more applicable for thermoelectric
purposes, long range movement of ions should be restricted. In copper chalcogenides,

improving the stability of Cu2S and Cuz-xSe continues to be in the focus of many researchers.

In CuzSe/CulnSez nanocomposites, the long-range phonon path was successfully
shortened.®! Although, Cu,Se and CulnSe. both crystallize in a cubic structure, statistical
distributions of cations and vacancies over interstitial sites are not the same. Hence, a minimal
solubility between the two compounds occurs. In this work, the best thermoelectric
performance was reported to be a zT = 2.6 for a sample that contained 1 mole-% In at 850 K.
Adding 1 mole-% In, resulted in more than 50% increase of the electrical conductivity. As

mentioned by the authors, this is possibly a result of incorporating In atoms into the Cu.Se
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lattice by filling under-occupied Cu sites in CuzSe. In contrast to Cu.Se (which physically
deformed by applying approximately ten times less current density), the stability of
Cu,Se/CulnSe, was successfully demonstrated by applying a current density of 100 A cm to

a sample with 1 mole-% In for 24 hours.

Introducing different concentrations of elements such as Sn to CuzSe, Cuz1-x)SnxSe was
formed.®2 This material then was shown to be effectively impeding the phonon propagation.
As demonstrated, the sample Cu1.98Sno.01Se exhibited the lowest lattice thermal conductivity,
i.e. 0.49 W m 'K at 825 K, among all other samples with different Sn concentrations. The
isolated SnSe secondary phase scatters lower frequency phonons more effectively in
Cu1.98SN0.01Se than the other materials with higher Sn concentrations.® Indeed, the secondary
phase is more developed in the samples with more doped Sn than Cuz.98Sno.01Se which in part
prevents parts of CuxSe from scattering phonons. Finally, possessing a zT = 1.0 at 823 K,
Cuz.98Sno.01Se performed better than CuzSe. Performing stress tests on Cuza-xSnxSe at 773 K,
revealed the role of the Sn dopant in reducing the density loss as compared to Cu.Se. However,
as an issue with the Cu precipitation and Se evaporation exists for Cui.90Sno.osSe, these

materials are not quite feasible for thermoelectric applications.

In another report, Li-doped CuzSe, Lio.0cosCuz.9Se, was shown to be more stable than the
undoped Cu,Se.3* The larger stability of the doped sample was demonstrated based on the
higher activation energy for ion conduction in these materials as compared to Cu,Se. A fixed

Li atom sublattice, which is formed due to a large degree of hybridization between the s orbitals
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of Li with p orbitals of Se, suppressed the mobility of Li atoms. Therefore, the presence of the
not mobile Li atoms in a path of tetrahedral and octahedral interstitial sites, impeded a long-
range movement of Cu ions, thereby brought about more stability compared to the undoped
material. Moreover, Lioo9Cu1.9Se with its zT > 1.4 at 1000 K, matches the Cu,Se performance

at the same temperature.®

As mentioned earlier, high temperature CusFeS4 has a similar crystal structure to o-
CuzS. In contrast to CusS structure, in CusFeSa, two of the Cu sites are vacancies, whereas one
out of eight Cu sites are occupied by Fe atoms. Although high deficiency can potentially
increase the Cu ion conduction, the Fe atoms restrict the ion conduction. Therefore, this

material is a good example of a copper chalcogenide stable at high temperatures. 686

In addition to the attempts to chemically improve the stability of the copper
chalcogenide, it was recently shown that utilizing ion-blocking interfaces in device legs can
increase the stability.8” In this work, the importance of chemical diffusion difference in
decomposition of the thermoelectric legs was discussed. Ultimately, it was concluded that in
order to prevent Cu atoms from precipitating, the chemical potential difference must be
adjusted to remain below the decomposition threshold. Hence, ion-blocking interfaces that still

conduct electrons were introduced to the device segments.
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1.6 Barium Copper Chalcogenides

Benefiting from the large cation, Ba?*, barium copper chalcogenides should
presumably have a low lattice thermal conductivity. This physical property could further
decrease in the case of tellurides. On the other hand, in materials with mixed chalcogen atom
sites, the mass fluctuation on these sites may even further reduce the lattice thermal

conductivity.

The first such reports concerned the ternary barium copper chalcogenide p-BaCu»So,
which crystallizes in the ThCr2Si,-type layered structure with a space group of 14/mmm. This
structure is composed of a two dimensional anti-PbO [Cu.S:]* framework, which is
sandwiched by Ba sheets.?® The room temperature thermal conductivity for -BaCu,S, was
reported to be 0.86 W mK! and around 0.60 W m~*K at 867 K,% which is for instance
smaller than the thermal conductivity of the state-of-the-art TAGS, (GeTe)1-x(AgSbTez)x, at
these temperatures. Doping p-BaCu,S; with potassium increased the charge carrier
concentration tenfold and resulted in a higher zT value of 0.23 for f-Ko.osBao.gsCu»Sy,

compared to the zT of 0.17 for the undoped material at 820 K.8°

S-BaCu,Se; crystallizes in the same structure as f-BaCu.S; with a band gap of 1.8 eV.%°
Using sodium as a dopant, the carrier concentration with holes as dominant carriers was
increased from 1.7 x 10 cm= for the undoped material to 2.6 x 10?° cm= for

Bao.oNao.1Cu2Se2.t A huge enhancement in the electrical conductivity in the measured
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temperature range occurred as a result of the increase in the charge carrier concentration.

Thereby, a maximal zT of 1.0 was reached by Bao.925Nao.075Cu2Se; at 773 K.

In contrast to the above-mentioned barium copper chalcogenides, BaCu.Te;
crystallizes in the a-BaCuzS; type structure, an orthorhombic crystal structure with the space
group Pnma. The structure of BaCu,Te, is composed of a three dimensional [CuzTez]*
framework. Connecting tetrahedral CuTes units via sharing edges and vertices results in a
channel-like anionic framework with Ba?* cations located inside the channel.®? Due to a low
thermal conductivity and moderate electrical transport properties, a zT of 0.72 was achieved
by BaCu,Te; at 823 K. Recently, an improvement in the performance of BaCuzTez by partially
alloying this material was demonstrated.®® As expected in BaCuzxAgxTez, replacing Cu atoms
with Ag led to a reduction in the density of holes, thereby increasing the carrier mobility. In
addition, using the SPB (single parabolic band) model, BaCuz-xAgxTe2 was shown to have a
larger effective mass (m*) than the undoped material, which is related to an enhanced density
of states close to the Fermi level. As a result of a concurrent decrease and increase in the
mobility, total mobility did not change noticeably. Finally, decreasing x_ by increasing the

amount of Ag, increased the zT of the material BaCu19Ago.1Te2 to 1.08 at 823 K.

The investigation into ternary and quaternary barium copper chalcogenides in our

group began over a decade ago.** %! The discovered copper chalcogenides typically possess

complex crystal structures and low lattice thermal conductivity. Some of these materials
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contain nonclassical Cu—-Cu bonds with under-occupied Cu atom sites which may result in a

movement of Cu® ions in the entire material.

BasCuisxTe12 crystallizes in a monoclinic structure with a space group of P2:/m. In
this structure, Cu atoms are tetrahedrally coordinated.** The corner-, edge- and face-sharing
CuTes units are connected through relatively planer CuTes units. Such planar units were also
observed in Ba;Cus«STes.¥ In this structure, Te,?>” dumbbells with a 2.9 A bond distance
between Te atoms as well as Te? anions are present. A short distance < 3 A between Cu atoms,
results in a formation of Cu—Cu bonds and a cluster composed of 20 Cu atoms. Meanwhile, 6
Cu sites out of the 19 total Cu sites with site occupancies between 15% and 92% are deficient.
The electronic structure calculation showed a band gap of 0.1 eV for the electron-precise
compound (Ba?")s(Cu*)1a(Te2?)2(Te? )s. BasCuizssTe12 Was shown to possess a moderate
electrical conductivity of 190 Q tcm™, a Seebeck of +30 pV K at room temperature, and a
low thermal conductivity around 1.0 W m™'K™! at 300 K. This material could potentially have
a fairly good performance at elevated temperatures. Once properties are measured at high

temperatures, sample stability in the measurement range will also require testing.

1.7 State-of-the-art Thermoelectrics

Some of the p-type state-of-the-art thermoelectric materials with low thermal
conductivities and high performances at elevated temperatures are listed in Table 1.1. Although
all the listed materials possess fairly low thermal conductivities, the high figure-of-merit in

some of these materials is a result of the optimization of the electrical transport properties.
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Table 1.1 Selected state-of-the-art p-type thermoelectric materials.

Material i (W m K™ ZTmaxat T Reference
B-CusSex 0.38-0.74 1.5-2.1 at 1000 K | 2773102
Cu197S 0.49 1.7 at 1000 K 68
CuzSe/CulnSe> 0.41 2.6 at 850 K 81
Ag-doped Cu,Te 1.4 1.0 at 900 K 103
Cu2So.085€0.92 0.55 2.0 at 1000 K 70
Cu2S0.2Seos 0.42 1.7 at 950 K 69
Cu1.94S0.55€05 0.57 2 33t 1000 K 104
Cu2So52Te0.48 0.31 2.1 at 1000 K 72
CuGaTe 0.78 1.4 at 950 K 105
CulnTe: 0.59 1.2 at 850 K 106
Cuas.972Fe0.96854 0.31 0.79 at 550 K 107
CuAgSe 0.47 0.95 at 623 K 108
BaCus sSeTes 0.46 0.81 at 600 K 109
Cuz2Sno.g0lno.10S€3 0.78 1.1 at 850 K 110
Cu3Sno.10Sbo.ssBio.02Ses 0.98 1.3 at 650 K 111
Cu11MnSb4Sa3 0.20 1.1at575 K 112
Cu26 Ta25n5 5532 0.54 1.0 at 670 K 113
Cu2sNb2GesSa2 0.54 1.0 at 670 K 113
AgSbo.99Sn0.01Se2 0.44 1.2 at 660 K 114
LAST-m 1.1 2.2 at 800 K 62,115
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TAGS-80 15 1.8at 773K 116
B-Zn4Shs 0.70 13at670 K 43
SnSe (along the b-axis) 0.34 2.3at923 K 53
Nao.007Pbo.993Se 1.1 1.2 at 850 K 50
Pbo.97sNao.025S + SrS (3.0 at-%) 0.72 1.2 at 923 K 17
Pbo.og Nao.o2Te + SrTe (4.0 mol%) 0.96 2.2at915 K 118
TloBiTes 0.34 0.96 at 500 K 119,120
Tlg.0sSn1.95Tes 0.41 1.3 at 685 K 121
Tls.10Pb1.9oTes 0.45 1.5 at 685 K 121
Tl2Agi12Ter4 0.26 1.1at 520 K 122
Tlo.o2PbogsTe 0.96 1.8at 770 K 123
TIAgoTes 0.22 1.2at 700 K 124
BagNio.31Zn0 52Ga13.06Ge32.2 1.3 1.2 at 1000 K 125
Yb1aMnSb11 0.70 1.1at1275K 46
Yb14Mno.4AlosSbis 0.62 13at1200K | 126
Textured Bio.s7sBao.12sCuSeO 0.6 1.4at923 K 127,128

*2T increases with nano structuring and based on the different methods of synthesis.

1.8 Scope of This Thesis

As mentioned earlier, the copper chalcogenides Cu>«S and f-CuxxSe are known for
their excellent thermoelectric performances. However, their application in thermoelectric

devices at elevated temperatures remains problematic for their poor stability due to the Cu ion
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migration at these temperatures. As a solution to this issue, incorporating larger elements such
as Ba and Te was considered as a strategy in the last decade in the Kleinke group to reduce the
Cu ion migration. Accordingly, new materials, BasCu1s-xSe11-yTe,* BasCuis-xS11-yTey ! and
BaCus-xSe1-y Tes+,” were uncovered. The challenge of this thesis was to investigate in how far
these materials can be optimized to exhibit advanced thermoelectric performance combined

with superior stability, in contrast to CuzS and S -CuzxSe.
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2. Synthesis and Characterization Methods

2.1 Syntheses

All compounds in this thesis were formed by a melting and slow cooling process. To
avoid samples from getting oxidized, all sample preparation steps were carried out in an argon-
filled MBRAUN glove box with oxygen and water levels below 0.1 ppm. Stoichiometric
amounts of each element were weighed, loaded in fused silica tubes, and transferred to a
vacuum line connected to an Edwards Rotary oil pump (RV8 model). After reaching a pressure
of around 10 mbar, the tubes were sealed using a Ho/O, torch. The syntheses took place in
programmable furnaces (Lindberg/Blue, 1373 K Box Furnace, BF51800 series), where
different steps of the reactions were programmed. In all cases, a hard solid was formed as a
product, which was ground to a fine powder for characterization by powder XRD (PXRD). In
some cases, samples were annealed further in manual furnaces (Barnstead International,

models: 1373 K FB1300 & FB1400) to obtain higher homogeneity and purity.

2.2 Characterization and Measurements

2.2.1 X-ray Diffraction

Electromagnetic radiation with short wavelength in the range of 0.1 A — 10 A, known

as X-rays, were initially produced and discovered by the German physicist, Wilhem
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Rontgen.*?® By exploring the diffraction of the beams by crystals, Max von Laue in 1912

introduced X-rays as a useful method to learn more about crystal lattices.**°

Using the same analogy with diffracted light, Laue proposed the formulae shown in
Equation 2.1. In these equations, a/b/c are rows of atoms with regular spacings, and 1 and »

are incident and reflected beams, respectively.

a) hA =a (cosvy +cospy) b)kd=b (cosv, +cosp,) C)IA=c (cosvz+ cosuz)

(2.1)
The mentioned parameters in Equation 2.1 are illustrated in Figure 2.1. Emitted waves

of photons from different blocks of a crystalline material with repeating units could

constructively interfere only in the Laue cone.

AN Y

a/b/c

Figure 2.1 Constructive interference of the beams in the Laue cone.
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Thereafter, father and son William Henry and William Lawrence Bragg proposed a
simplified form of the Equation 2.1 which is also known as Bragg’s law (Equation 2.2).131:132
A schematic representation of the Bragg’s law is illustrated in Figure 2.2. As per this equation,
interferences are constructive only when the right side of the equation equals to the

multiplication of an integer (n) by the wavelength (1).

nA = 2dsin6 (2.2)
incident diffracted
beams beams

hkl

hkl

Figure 2.2 Constructive interference of beams according to Bragg’s law.

Phase purities of the synthesized compounds were confirmed by performing PXRD on
an INEL powder XRD instrument equipped with a position-sensitive detector employing Cu-

K radiation (1 = 1.540598 A). This instrument operates by heating a tungsten filament
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(cathode) in order to emit electrons. These electrons flow towards a copper target (anode) by
the applied accelerated voltage. Finally, the accelerated electrons collide with the anode,
resulting in the formation of X-rays (Bremsstrahlung). Moreover, electrons with sufficient
energy remove electrons from the inner shells of the target material (here: copper) and the
electrons from outer shells fill the vacancies inside the inner shells. Concurrently, X-rays with
the same energy as the energy difference between the inner and outer shell electrons are
produced (characteristic X-rays). The characteristic X-ray spectrum is comprosed of two
components, K (which consists of Ka and Ke2) and Kg, where K, is more intense than K.
Therefore, the more intense K, is utilized in X-ray characterization. Here, Cu-K,; radiation (4

=1.540598 A) was produced by using a germanium single crystal monochromator.

2.2.2 Single Crystal X-ray Diffraction

A Bruker Kappa Apex Il instrument equipped with a CCD (charge-coupled device)
detector which utilizes Mo-K, radiation (1 = 0.71073 A) was used for data collection in this
thesis. For a complete dataset o scans were employed in different sets of frames to collect the
data. After the data collection, the raw X-ray intensity of the reflections were corrected for
Lorentz (L) and polarization (p) effects, since their intensities were reduced with a Lp Lorentz-

polarization factor to (Ina) (Equation 2.3 and 2.4) using APEX Il suite.*

Ink = KLp. Fiiy (2.3)
1+ cos?26
Lp = zscijzsze (2.4)
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In Equation 2.3, K is a scaling factor and Fn is the structure factor. Fnu is a parameter
based on the scattered waves by all atoms of a unit cell for the hkl reflection. As was displayed
in Equation 2.3, the square of this parameter is proportional to In. In addition, the observed
structure factor (Fo) and the difference between Fo and the calculated structure factor (Fc)
directly affect the quality of the data collection and data refinement. A large similarity between
Fo and F¢ ensures an acceptable refinement. Finally, absorption corrections were applied by

utilizing the empirical (multi-scan) method SADABS.'3

All structure solutions and refinements were performed with the APEX Il package
(SHELXTL).13 The structure solutions in this thesis were based on the direct methods, because
most atoms used here have similar numbers of electrons. Platon program was used to
standardize the atomic coordinates using the Tidy command and to check for any missing

symmetry elements.**®

The quality of the data collection was evaluated by the internal residual value (Rint)

(Equation 2.5).

Z FZ_FZ
Ry, = 2If—Fiecan] S Fg@“ﬂ' (2.5)

Lastly, the positional parameters of the atoms (X, y, z), (anisotropic) thermal

parameters, and site occupation factors (in case of mixed site occupancies/deficiencies) were
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refined. A satisfactory refinement is achieved when the difference between F, and F is small

enough to result in R values below 5% (Equation 2.6 and Equation 2.7).

EUARIAD
Ry = YIF,|

_ /ZW(Fé—Fg)Z
WR, = —ZW(FOZ)Z (2.7)

In the Equation 2.7, w is the weighing parameter and wWR; is the weighted R value.

(2.6)

Goodness of fit (GOF) is also relevant to the difference of the observed and calculated structure
factors. This parameter relates this difference between the number of the used reflections (n)
and the number of refined parameters (p). An acceptable GOF is around unity (GOF ~ 1)

(Equation 2.8).

2_p2
GOF = /M (2.8)
n-p

2.3 Scanning Electron Microscope

Incident electrons undergo an energy loss when they interact with electrons and atoms
of a specimen.'® The energy loss occurs because an extensive amount of energy is transferred
from these incident electrons to the atoms. This energy loss is related to different parameters

such as binding energies of the specimens’ electrons. The excitation of the specimens’
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electrons causes a generation of secondary electrons (SE). The secondary electrons with small
energies, 3 eV - 5 eV, escape from the surface of the sample (a few nanometers from the
surface) and provide topographic and compositional information about the sample. Secondary
electrons are caused from inelastic scattering and have energies < 50 eV. The process of
transferring a large amount of energy to atoms of a target material when the incident electrons
interact with target material’s electrons is known as inelastic scattering. However, elastic
scattering of the incident electrons results in a generation of back scattered electrons (BSE)
with energies > 50 eV. The occurrence of elastic scattering is due to a deflection of the incident
electrons by the atomic nucleus or by the valence electrons of the sample. The generated
electrons through elastic scattering bounce back in a variety of angles with many electrons
bouncing back to their source. However, the back scattered electrons are elastically scattered
in angles larger than 90°. Elements possessing a large number of electrons (large atomic
numbers) have larger back scattered signals. Since back scattered electrons have more energy
compared to secondary electrons, and due to a low amount of absorption of these electrons by
the sample, BSE signals are not restricted to a small region of the specimen. Hence, the quality
of the produced image from BSE is worse than SE. However, BSE provides valuable
information about deeper surfaces of the sample since a wide range of escape depth is possible.
In addition, BSE images are also useful for gaining more insight into compositions of the
measured samples. In summary, valuable topographic and compositional information from

both SE and BSE can be obtained.
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Energy Dispersive X-ray Spectroscopy (EDS or EDX) is a microanalytical technique
which is utilized for elemental analysis. This technique reveals quantitative information about
measured samples based on the formation of characteristic X-rays; as previously explained in
section 2.2.1. In this thesis, QuantaFeg 250/Oxford instrument x-act Scanning Electron
Microscopy/Energy-Dispersive X-ray analysis (SEM/EDX) was utilized to learn more about
composition, homogeneity and possible changes in samples after synthesis and after physical

property measurements.

2.4 Sample Densification

In order to measure physical properties, phase pure samples should be densified. In this
thesis, hot-pressing (HP) utilized as a consolidation technique. Sintering is a process of shaping
polycrystalline materials by heating below melting point. Applying pressure to the heated
powder leads to a diffusion of powder particles and thus densification. Here, pure powders
were transferred to cylindrical graphite dies with a dimension of 12.7 mm. This was followed
by sintering at a certain temperature while applying pressure under an Ar/H> atmosphere to
restrict the occurrence of oxidization. The Oxy-Gon FR-210-30T-ASA-160-EVC hot-press

furnace system was used to consolidate all powderized samples.

Another technique of consolidation through sintering includes spark plasma sintering
(SPS).17 In SPS, powder is directly placed into a graphite die which is surrounded with two

punches. A high DC pulsed current passes through the electrodes and the powder to generate
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sparks and high temperature among the powder particles. A concurrent applied pressure while
sintering, allows the powder to shape into a densified pellet. To prevent oxidation, sintering is
performed under an argon atmosphere, similar to HP. The densification process is shorter in
SPS compared to HP as a result of high heating rates due to internal heating. Thus, it only takes
a few minutes for a sample to be sintered in SPS, while it might take a few hours for a sample
to be sintered utilizing HP. Typically, the longer the sintering time, the greater the probability
of forming side products. However, compounds synthesized in this thesis showed better
homogeneity when sintering times were increased. Therefore, HP was utilized to consolidate

all powder samples.

2.5 Physical Properties Measurements

2.5.1 Thermal Conductivity Determination

Density of the hot-pressed pellets were determined using the Archimedes’ method. A
Sartorius YDKO1 density determination kit was employed for the density measurement.

Experimental density was calculated using Equation 2.9.

_ wa(p1—0.0012 gcm™3)
0.99983 (Wa—w))

o + 0.0012 gcm™3 (2.9)

In Equation 2.9, wa is the weight of the sample in air, and w; the weight in water or
ethanol. Based on the measured temperature of the liquid, its density was recorded (pi). To

correct errors caused by air buoyancy, the density of air at standard conditions, 0.0012 g cm™
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is added to the formula. A value of 0.99983 is also included to the formula since it lessens the

error caused by the depth of the immersion of the sample in ethanol or water.

Pellets with 98% - 99% of the theoretical maximum density were utilized to obtain
thermal conductivity values. Thermal conductivity of a material can be calculated using

Equation 2.10.

Kk = Ap4Cy (2.10)

Where 1 is thermal diffusivity, pq is experimental density and Cp is heat capacity. The

Dulong-Petit approximation was used to calculate Cp.*%®

Thermal diffusivity was measured using a flash method.**°14° |n this method, a pulsed
light source (either laser or xenon flash lamp) is irradiated to one surface of a disk or a square-
shaped thin sample (bottom surface). An InSb infrared (IR) detector detects a temperature rise
on the rear side of the sample (top surface). Data are recorded as a plot of temperature increase
versus time. Thermal diffusivity was obtained from the Equation 2.11, initially proposed by

Parker in 1961.141

A =0.1388-— (2.11)

tos
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Therefore, 4 is dependent on the thickness of the sample (I) and the time which takes
for the top surface to reach half of the maximum temperature increase (tos). Thermal diffusivity
measurements were carried out on graphite coated samples. The graphite coating ensures a
uniform heat absorption during the measurement. Thermal diffusivity measurements were
performed on the Anter Flashline 3000 and TA Instruments DLF 1200 (Kleinke group,
University of Waterloo), NETZSCH LFA 427 and NETZSCH LFA 467 (German Aerospace
Center, DLR). To avoid any oxidation of the samples, measurements were carried out under a
constant argon flow. A flash method is schematically presented in Figure 2.3. The experimental

errors for all the utilized instruments are estimated as +5%.

e Rear Face

[TTTT e

To

Thickness

Figure 2.3 Schematic representation of a flash method.

2.5.2 Electrical Conductivity and Seebeck Coefficient Measurements

Electrical conductivity and Seebeck coefficient were measured at or above room

temperature using the ZEM-3 (ULVAC-RIKO) under helium atmosphere.}*? This apparatus
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works by passing a current through a sample that is sandwiched between two Ni electrodes.
Voltage is then measured with two side R-type (Pt/Rh) thermocouples which are well-suited
for high temperature applications. Samples with either rectangular or cylindrical geometry can
be measured. However, only rectangular bars were measured in this thesis. Both the top and
the bottom of the measured samples should be flat. In addition, the faces of the bars should be
parallel. Then, proper contact between the sample and the electrodes results in an ohmic
contact. as a constant current passes through the sample, the voltage is measured by the R-type

electrodes, and the material’s resistance is calculated with Ohm’s law (Equation 2.12).

AV =R.I (2.12)

Ultimately, by using the resistance of the sample (R), the restricted length between the
thermocouples (I) and the cross-sectional area (A), electrical conductivity of the sample, o, was

calculated (Equation 2.13). The experimental errors are estimated as +5%.

o= — (2.13)

Seebeck coefficient, o, is a measurement of the voltage difference between the side
probes as a result of a temperature gradient, AT, between these probes at T1 and T. (Equation

2.14). The experimental errors are estimated as +3%. The measurement setup is represented in

Figure 2.4 schematically.
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AV

a = AT (2.14)
sample
constant T
H 1
current power Ni
supply electrodes -
2
\
AV
AT setting
heater

Figure 2.4 Schematic illustration of ULVAC ZEM-3 four-probe measurement.

The electrical transport properties were also measured using the HT-S-c setup at
DLR.'3 This setup can also perform as a high temperature four-probe electrical conductivity
measurement, equipped with two temperature gradient heaters. The electrical transport

properties were measured under an inert atmosphere with estimated errors of less than 4%.

2.6 Hall Measurement

Measuring charge carrier concentration is possible through a Hall measurement, which
was introduced by Edwin Herbert Hall in 1879.144 In this measurement, a current, 1, passes

through the length of a rectangular bar (along the x-axis), whereas a magnetic field, B, is
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applied perpendicular to the current passage (along the z-axis). A Lorentz force caused by the
magnetic field prevents the carriers from moving straight and pushes them towards the sides
of the bar (y-axis).1* Therefore, the resulting Hall voltage, Vi, can be measured. The Hall

voltage and the Hall coefficient (Rn) are displayed in order in Equation 2.15 and 2.16.

Ry= —= & (2.16)

Where, n, e and t are carrier concentration, elementary charge (1.602 x 10° C) and
thickness of the sample, respectively. The Hall voltage properly defines the type of dominant
carriers inside a conductor. If V4 and subsequently Ru are positive, then the majority of the
carriers are holes. On the other hand, if both properties have negative signs, electrons are the
dominant charge carriers. A schematic representation of the Hall effect is depicted in Figure

2.5.
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Figure 2.5 Schematic representation of Hall effect.

Hall measurements on the materials in this thesis were all carried out at the Department
of Physics & Astronomy at University of Waterloo (Kycia group). All measurements were
carried out at room temperature on bars with dimensions of ~8 x 2.5 x 1 mm. A5 mA or lower
current passed through the samples, and a magnetic field of 0.5 T was exerted. An error of
+1% related to the measurement of the Hall voltage was estimated. In addition, a systematic
uncertainty of +3% was a result of different errors in the measurements such as the bar
dimensions and the errors in the measured Hall voltage. A material electrical conductivity was
also calculated by measuring the voltage drop, Vg, through the length of the sample and by

applying Ohm’s law. Conductivity is calculated using Equation 2.17.

o= R 2.17)
Vrwt
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Here, o is the electrical conductivity, w is the width of the sample and Lr is the distance

between the voltage, VR, probes. Lastly, mobility, 4, was calculated from Equation 2.18.

U= — (2.18)

2.7 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was utilized to learn further about physical
and chemical changes in materials for various reasons. A NETZSCH STA 409 PC Luxx was
used to study phase transformations and thermal stability.'4® The utilized DSC instrument is a
heat-flux type, where a reference (with a known heat capacity) and a sample are placed in the
same furnace chamber. A heat-flow path (i.e. silver) connects the reference and the sample for
distributing the heat uniformly. A variation in enthalpy or specific heat compared to the
reference results in a temperature difference (AT) between the sample and the reference. The
recorded AT, which was measured as a voltage through chromel thermocouples, converts to
the heat flow rate () through calibration experiments with unique internal calibration files for
NETZSCH (Equation 2.19). @ is usually given in mW or xW, and k is a constant. DSC
combined with thermal gravimetry (TG) was used to determine sample stability, phase

transformations, and mass changes upon heating or cooling the samples.

¢ = —kAT (2.19)

50



3. Thermoelectric Properties and Stability of

333CU16-XSG11-yTey

3.1 Introduction

BasCuisxSe11yTey only forms when mixed occupied chalcogen sites are present.
According to density functional theory (DFT) calculations,®® the electron-precise material with
exactly 16 Cu atoms per formula unit, (Ba?")s(Cu®)16(Q%*)11 (with Q = Se, Te), behaves as a
semiconductor. The calculated band gap of 0.02 eV, along with the Cu atom deficiency results

in a heavily doped p-type semiconductor.

The first article about these chalcogenides introduced the crystal structure, electronic
structure and electrical properties (determined on a cold-pressed bar).% The full thermoelectric
properties as well as the stability investigation of BasCuis-xSei1-yTey is presented in this

chapter and was published in 2019.14

3.2 Experimental Procedure

Samples with the nominal composition of BasCuis-xSei1yTey (x=1.3,1.6;y = 2.5, 2.8,
3) were synthesized from the elements (Ba pieces, 99.7%, Strem Chemicals; Cu powder,

99.5%, Alfa Aesar; Se pellets, 99.9%, Alfa Aesar; Te broken ingots, 99.99%, Strem
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Chemicals). These values for x and y are well within the phase range (1 <x<2;2 <y <4).
Reactions took place inside C-coated silica tubes in programmable box resistance furnaces.
The tubes were heated up to 1023 K in twelve hours. Samples were kept at this temperature
for ten hours followed by cooling to 873 K in 20 hours and annealing at this temperature for
100 hours. Thereafter, the furnace was switched off to allow for fast cooling down to room

temperature.

The phase purity of the synthesized compounds was verified through powder X-ray
diffraction analyses. The X-ray diffraction patterns of the phase pure samples are depicted in

Figure 3.1.
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Figure 3.1 Room temperature X-ray powder patterns of BasCuis-xSe11-yTey.
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Differential scanning calorimetry (DSC) and thermal gravimetry (TG) analyses were
performed on a sample with the largest amount of Te, BasCui4.4SesTes, under argon with a

heating rate of 10 K min~! (Figure 3.2). There is no observation of a phase transformation aside

from melting at 1008 K.
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7]
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5.0 " 1 N 1 N 1 A 1 85
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Temperature, 7(K)

Figure 3.2 DSC/TG of BasCui4.4SesTes. (heating rate of 10 K min~! under Ar atmosphere).

The ground pure samples were hot-pressed at 60 MPa at 800 K for 120 minutes. A
density of almost 100% of the theoretical maximal values was achieved. For the physical
property measurements, each hot-pressed sample was cut into half, resulting in two cylindrical
pellets each with almost 2 g of weight. The thermal diffusivity measurement was performed

on one of these pellets, while the other pellet was cut into a rectangular bar to perform the
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electrical transport property measurements. This ensures that any changes during one

measurement would have no impact on the other one.

The single crystals for single crystal analyses were selected under an optical
microscope with all edges < 70 um after crushing the polycrystalline samples. A Bruker Kappa
Apex Il CCD that employs Mo-Ka radiation was utilized for the data collection on black block-
like crystals. Using the search strategy of the APEX II suite, ® scans were performed in
different sets of frames for full data coverage. The exposure time was 30 seconds per frame.
The collected data were treated for Lorentz and polarization effects and absorption

corrections.®?

To check for a possible inhomogeneity after the electrical transport measurements, a
potential-Seebeck-microprobe (PSM)* was utilized on a bar of nominal composition
BasCui4.7Ses2Tezg with dimensions of 10 x 2 x 1.6 mm at room temperature. The PSM is a
measurement of the local Seebeck coefficient of a semiconductor or a metal. In this
measurement, the Seebeck coefficient is measured by moving a heated probe tip from point to
point across the surface of the sample. The temperature of the probe and the sample is measured
by a T-type thermocouple (Cu-CuNi). As a result of the heat flow between the probe tip and
the sample, a local temperature gradient around the tip occurs. Finally, a voltage drop is
measured by combining the thermocouple wires, and the Seebeck coefficient of the different
points is obtained. Thereby, the PSM provides a two-dimensional image of the Seebeck values

of the whole sample.
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3.3 Results and Discussion

3.3.1 Crystal Structure and Crystallographic Data

BasCuisxSei1yTey crystallizes in a rhombohedral structure (space group R3m). The
crystal structure of BasCuiexSei1yTey is composed of CuQs tetrahedral units (with shared
chalcogen atom sites (Q = Se, Te) that construct a three-dimensional network via corner-, face-
and edge-sharing (Figure 3.3). Of the five crystallographically independent Q sites, two are
always two Se sites, one a Te site, one a mixed Se/Te site, and one an Se with up to 10% Te.

The one Ba site is surrounded by eight Q atoms in form of a bi-capped trigonal prism.

Figure 3.3 Crystal structure of BasCuis-xSe11yTey in a projection onto the a,b plane. The Cu

atom clusters are highlighted as polyhedra.
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In this structure, formally d'°—d*° closed-shell interactions between the Cu atoms occur
due to the hybridization of the filled d orbitals with the empty s and p orbitals.'4**° The
occurrence of such bonds in coinage chalcogenides is not rare; other examples include BaCue-
xSe1yTessy,® BazCuiaxTerr,? ThAQ12Se**! and TlAgi2Ter+x.2°? These Cu-Cu bonds, all
shorter than 3 A, not only result in the formation of Cu clusters with 26 Cu atoms, but also
bond these clusters in three dimensions. As a consequence of the Cu deficient sites combined
with the three-dimensional clusters, about 7% of the Cu ions could be successfully replaced at

room temperature with Ag atoms, indicative of substantial Cu atom mobility.%

To further investigate the Cu ion mobility, room temperature X-ray single crystal
analyses were performed on a single crystal of BasCui4.7Ses sTez s before hot-pressing and after
the electrical transport property measurements. The refinement'3* of the single crystal data
from the sample of the nominal composition BasCui4.7Ses sTez s before hot-pressing the sample
with six Cu atom sites using the published model of BasCuis.xSei1-yTey in the space group R3
m resulted in R(Fo) = 0.071.%° Large electron densities remained, namely 10.8 e A2 85e A~
3and 4.5 e A3, respectively. The positions of these three high residual electron densities were
all surrounded by four chalcogen atoms at the appropriate Cu—Se/Te distances. Including these
three positions as additional Cu7, Cu8 and Cu9 positions decreased the highest peaks in the
difference Fourier map to acceptable values < 3 e A3, and lowered R(Fo) to 0.047. The refined
occupancies of Cu7 — Cu9 were 0.26(1), 0.21(1), and 0.067(8), respectively. The formula was

thus refined to be BasCui4.59(8)Ses.o6(5) T€2.04.
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The refinement of the data of single crystal of the same sample after the electrical
transport property measurements with the initial six Cu atom sites resulted in even larger
residual electron densities of 25.9 e A3, 24.7 e A2 and 24.3 e A3, and an unacceptable R(Fo)
= 0.148. Again, refining these as Cu-deficient sites yielded a final value of R(Fo) = 0.033,
with larger occupancies of 0.448(7), 0.339(7), and 0.309(4) for Cu7, Cu8 and Cu9,
compared to the crystal before the property measurement, and the largest remaining
electron density being 4.6 e A=, The obtained formula of BazCui4.602)Ses.s7(5 T€2.03 is equal
within one standard deviation to the one from before the property measurements, while the
distribution of the Cu atoms changed significantly, with Cul — Cu5 showing smaller
occupancies and Cu7 — Cu9 showing larger occupancies. The different distribution implies an
irreversible movement of the Cu atoms either under the electric field or under the temperature
gradient applied during the measurements. Table 3.1 and 3.2 contain the crystallographic
details, fractional atomic coordinates, equivalent isotropic displacement parameters and site

occupancies for these two data sets.
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Table 3.1 Crystallographic details of the refinement of “BasCui47SessTezs”; I) before hot pressing: 11)

after the electrical transport property measurements.

Refined formula

1) BasCuu4.50(8)S€8.96(5) T €2.04

I1) BasCuia.602)S€8.97(5) T€2.03

Formula weight
T[K]

L [A]

Crystal system
Space group

a, ¢ [A]

VA%

z

R(F0),? Ru(F0?),” GOF (obs.

data)

Min., max. residual electron
density [e A2

*R(Fo) = Z||Fol-|Fell / ZIFof; ® Ru(Fo?) = [ S[W(Fs2 — F)?] | [W(F+2)?] 142, with F, and F being the

2384.21

296(2)

0.71073
Rhombohedral

R3m (no. 166)
12.1457(9), 28.165(2)
3598.2(6)

6

0.047, 0.095, 1.15

-2.55,2.92

observed and calculated structure factors, respectively.
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2382.21

296(2)

0.71073
Rhombohedral

R3m (no. 166)
12.108(1), 28.045(3)
3560.4(9)

6

0.033, 0.072, 1.04

-2.74, 4.62



Table 3.2 Fractional atomic coordinates and equivalent isotropic displacement parameters and

occupancies of “BasCuis7SessTezs”; I) before hot pressing; IT) after the electrical transport property

measurements.
X y z ) Ue/A2 1) oce. 1) Ueg/A%  11) oce.
Bal 0.47623(6) 0.52377(6) 0.08614(3) 0.0192(3) 1 0.0195(2) 1
Cul 0.2299(5) 0.0171(3) 0.1367(1) 0.054(2)  0.66(1) 0.064(1) 0.476(6)
Cu2 0.4317(2) 0.5682(2) 0.3509(1) 0.042(1)  0.97(1) 0.0333(5) 0.976(7)
Cu3 0.5310(1) 0.4691(1) 0.27998(8) 0.0243(9) 0.87(1) 0.0221(6) 0.663(6)
Cu4 0.5494(2) 0.4506(2) 0.3826(2) 0.047(2)  0.74(1) 0.061(2) 0.552(8)
Cu5 0 0 0.1713(4) 0.058(6)  0.41(2) 0.28(2)  0.28(2)
Cu6 0 0 0.2638(3) 0.035(3)  0.65(2) 0.033(1) 0.68(1)
Cu7 0.0699(8) 0.1399(2) 0.1566(6) 0.138(9)  0.26(1) 0.038(1)  0.448(7)
Cu8 0.380(1) O 0.5 0.10(2)  0.21(2) 0.032(2) 0.339(7)
Cu9 0.440(8)  0.341(4)  0.4140(2) 0.138(7)  0.067(8) 0.0231(9) 0.309(4)
Q1(Se, Te) 0.77642(7) 0.22358(7) 0.11211(5) 0.0150(4) 0.69(2), 0.31(2) 0.0159(3) 0.67(1), 0.33(1)
Te2 0 0 0.07952(7) 0.0187(4) 1 0.0160(2) 1
Se3 0.31791(1) 0 0 0.0143(4) 1 0.0138(2) 1
Q4(Se, Te) 0 0 0.3573(1) 0.019(1)  0.92(3),0.08(3) 0.0168(5) 0.97(2), 0.03(2)
Se5 0.47824(9) 0.52176(9) 0.20428(6) 0.0205(4) 1 0.0181(2) 1

BasCuiexSe11yTey, is composed of the three-dimensional Cu clusters and the Cu

deficient sites (Figure 3.4). The occupancy of three sites out of the nine occupied sites denoted

as Cu7, Cu8 and Cu9, are 26%, 21%, and 7% before the electrical transport property

measurements and 45%, 34%, and 31% after the measurements, respectively.
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Figure 3.4 Three-dimensional network of Cu clusters in the structure of BasCuisxSe11-yTey.

Cu7, Cu8 and Cu9 are in bright blue, and the other Cu sites in dark blue.

3.3.2 Thermoelectric Properties

The temperature dependent electrical conductivity, o, of the measured samples, (x =
1.3, 1.6 and y = 2.5, 3) upon heating and cooling is shown in Figure 3.5. As can be seen in all
heating measurement plots, o initially decreases with increasing temperature. This behavior is

typical for extrinsic semiconductors, caused by the decrease in electron mobility, ux, with
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increasing temperature, while the (extrinsic) carrier concentration remains largely unchanged.
o then begins to increase around 580 K — 600 K, potentially because of the change in the
occupancies of the Cu atom sites. With the estimated relative error of £5%, samples with the
same amount of y exhibit the same ¢ within the measured temperature range. This can be
explained by the different covalent character; the higher covalency of the Ba—Te and Cu-Te
bonds as compared to Ba—Se and Cu—Se occurs with a higher carrier mobility for the materials
with higher Te concentration. Correspondingly, the o values for the samples with x = 1.6 and
y =3 (i.e., 3 Te per formula unit) range from 385 Q cm™ at 299 K to 280 Q*cm™ at 695 K,

while the ones with y = 2.5 vary from 338 Q cm™ to 264 Q'cm™
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Figure 3.5 Electrical conductivity of the heating (left) and cooling (right) measurements of

BasCuiexSe11-yTey in dependence on temperature.
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The measurements result in different values when repeated. In all the measured cases,
cooling (open symbols) yields larger values of o compared to heating (closed symbols). Larger
mismatch between the heating and cooling data up to ~ 40% can be observed at lower
temperatures. The measured electrical conductivity of the cooling process constantly decreases
with increasing temperature with a maximum of 466 Q *cm ™ for BasCui4.4SessTezs at 300 K
and a minimum of 242 Q*cm™ for BasCuis7SessTezs at 695 K. The larger electrical
conductivity during the cooling measurement compared to the numbers at the same
temperatures during heating is likely a consequence of Cu ion movement causing irreversible

changes in this material, as also observed in the cases of CuzS and Cu,Se.

To investigate whether the electrical conductivity would continue to change from
measurement to measurement, we repeated these electrical transport measurements twice in
case of BasCui4.7SegsTezs. The electrical conductivity values did not change noticeably after
the first measurement (Figure 3.6), indicating that a steady state was reached, and the materials

remain stable after the first cycle.
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Figure 3.6 Repeat measurements of the temperature dependent electrical conductivity of

BazCuis4.7SegsTezs.

However, in some cases, the steady state was reached later, e.g. after three or four
cycles, or not at all during the first four cycles, as demonstrated for the slightly more Te-rich

BasCui4.7Ses 2 Tez s (Figure 3.7).
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Figure 3.7 Repeat measurements of the temperature dependent electrical conductivity of

BasCui4.7Ses2Tezs.

In order to investigate whether this is an annealing effect, a hot-pressed bar of a sample
of nominal composition BasCui4.4SegsTez 5 was annealed for three weeks prior to any physical
property measurements at 700 K. Similar to the data before annealing, the electrical transport
properties after three weeks of annealing revealed a lack of stability after the first heating
measurement (Figure 3.8). The electrical conductivity at 300 K was measured to be 334
Qlcm™ at the beginning and 384 Q'cm™ at the end of the first measurement cycle,
corresponding to an increase of 15%. This implies that the larger electrical conductivity after
the first heating is not simply a consequence of an annealing effect, but caused by the

measurement conditions, i.e. either by the voltage or the temperature gradient.
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Figure 3.8 Temperature dependent electrical conductivity of BazCui44SegsTez 5 after

annealing for three weeks before the measurement.

To investigate the cause for the variation of the o values during these measurements,
room temperature Hall measurements were done on the samples of BasCui44SegsTe2s and
BasCui44SegTes. In each case, two different bars from the same hot-pressed pellet were
measured. The Hall measurement on the first bar was done directly after hot-pressing, while
the second bar was measured after the electrical transport property measurements. The positive
RH in all cases is indicative of the p-type semiconducting behavior of these materials with holes
as dominant charge carriers. The electrical conductivity values increased from 325 Q cm™ to
456 Qlcm™ for BasCuis4SessTexs and from 370 Qlcm™ to 449 Qlecm™? for
BasCuis.4SesTes, i.e., by 40% and 21%, respectively, comparing the data from before and after

the property measurements. This compares well with the data from the ZEM apparatus: there,
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the room temperature electrical conductivity of these samples increased from 338 Q 'cm™ to
466 Q *cm ™ for BasCui4.4Ses s Tezs and from 385 Q ecm ™ to 451 Q tcm ™ for BasCui4.4SesTes

at the beginning vs. the end of the first measurement cycle (i.e., by 38% and 17%).

The charge carrier concentrations increased also, namely from 3.3 x 102° cm3 to 4.0
x 10%° ¢cm™ for BasCuis4SessTezs, and from 3.2 x 10%° cm™ to 4.7 x 10%° cm™ for
BasCui4.4SesTes, respectively. On the other hand, the carrier mobility changed differently in
the two samples, with one increasing from 6.4 cm?vis? to 7.3 cm?vis?
(BasCuis4SessTezs), and one decreasing from 7.5 cm?vis? to 6.0 cm?vis?
(BasCu14.4SesTes). The latter may be a consequence of the more significantly increased carrier

concentration resulting in enhanced carrier-carrier scattering.

The temperature dependences of the Seebeck coefficient, «, of the measured samples
are depicted in Figure 3.9. The general increase of the positive Seebeck coefficient values
through the entire temperature range is indicative of heavily doped p-type semiconductors. As
in case of the electrical conductivity, the cooling data differ from the heating data. For instance,
the o values for the first heating measurement of BasCui47SessTe2s range from 65 uV K at
300 K to 136 puV Kt at 695 K, while the « value measured during cooling is 55 uV K at 300
K, corresponding to a decrease of 18%. It is noted that these changes generally appear to be

relatively smaller than in case of the electrical conductivity.
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The heating and cooling measurements repeated for two more times revealed no more

noticeable changes, as was also observed in case of the electrical conductivity (Figure 3.10).
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Figure 3.10 Repeat measurements of the temperature dependent Seebeck coefficient of

BasCui4.7SegsTezs.

As was observed for the repeating electrical conductivity of BasCuis7Ses2Tezs, the

steady state was reached later for the Seebeck measurements (Figure 3.11)
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Figure 3.11 Repeat measurements of the temperature dependent Seebeck coefficient of

BazCuis4.7Ses 2 Tezs.

In order to investigate the stability range of BasCuisxSeiiyTey, different current
densities and maximum temperatures were applied during the electrical transport
measurements. For this purpose, a 4 gram sample of BasCuis7SegsTers was prepared,
consolidated into a pellet, then cut into several bars. During the measurements, the current flow
alternated direction; however, using a fixed current flow from top to bottom resulted in
qualitatively equivalent data. During the Seebeck measurement, the applied temperature
gradient always went from bottom to top, with a maximum AT =4 K. As a starting point, the
same conditions as for the data shown in Figure 3.5 (J = 0.084 A cm~2) were applied. With the
same maximum temperature but a lower current density of J = 0.024 A cm™ at room

temperature, a similar lack of stability was still observed. Lowering the maximum temperature
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to 630 K with the same current density of 0.024 A cm™ still did not readily result in
reproducible data, not even with a lower current density of 0.005 A cm~2. When decreasing the
maximum temperature to 580 K and using that low current density, reproducible data were
finally obtained (Figure 3.12), likely because the Cu atom mobility is significantly less at 580
K than at 630 K, let alone at 690 K. This is a consequence of the thermal activation of the Cu
atom mobility. We note that 580 K is the temperature where the first irregularities occurred
during the electrical conductivity measurements described above. The different applied

conditions for evaluating the stability of these materials are listed in Table 3.3.
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Figure 3.12 Stability of the electrical transport properties of BazCu14.7SegsTezs.

70



Table 3.3 Different applied conditions to investigate the stability of BasCui47SegsTess.

Chemical formula Trmax (K) J (A cm)
BasCuis.7SegsTezs 690 0.084
BasCui47SessTezs 690 0.024
BasCuis.7SegsTezs 630 0.024
BasCui47SessTezs 630 0.005
BasCuis.7SegsTezs 580 0.005

In order to see whether an irreversible Cu ion movement occurred during the
measurements, the elemental atomic-% of Cu after three measurements of a bar of nominal
composition BasCuis.7SegsTezs with a maximum measured temperature of 690 K and J =
0.084 A cm2 was determined at two different locations via SEM/EDX measurements. The
bottom of the bar, which was closer to the heater and thus warmer, showed 44 atomic-% for
copper, while the top of the bar had 50 at-% of copper. This gradient implies an in part
irreproducible movement of Cu ions from the bottom to the top of the bar, which corresponds
to a movement from the hot to the cold side during the Seebeck measurement (while the current

direction alternated).

Additionally, we performed a PSM measurement on a bar of nominal composition
BasCui4.7Ses2Tezs, using a AT = 5 K at room temperature, which underwent an electrical
transport property measurement using the HT-S-c setup at DLR.'*® This measurement also

revealed inhomogeneities in accord with the changes in Cu concentration (Figure 3.13).
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Figure 3.13 Spatial resolution of the Seebeck coefficient of BazCui4.7Ses2Tezs.

The thermal conductivity, «, data of the measured samples for both heating and cooling
process are depicted in Figure 3.14. In both cases, the thermal conductivity values of all
samples are rather low (x < 0.8 W m'K™). x shows an increase at lower temperatures of the
cooling measurement compared to that temperature in the heating process. For example, in
BasCui4.7SessTezs, the room temperature value of the first heating measurement is 0.64 W
m~'K™!, and 0.69 W m™'K™! after cooling, corresponding to a relatively small increase of 8%,

compared to the changes in the electrical properties.
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Figure 3.14 Thermal conductivity of the heating (left) and cooling (right) measurements of

BasCuis-xSe11-yTey in dependence on temperature.

A lack of stability — albeit with a smaller change — is thus also observed during the
thermal diffusivity measurements, as a noticeable temperature gradient is also applied in the
flash method. As in case of the electrical data, repeated cycling leads sooner or later to

reproducible values (Figure 3.15).
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Figure 3.15 Repeat measurements of the temperature dependent thermal conductivity of

BasCui4.7SegsTezs.

Samples with the larger amount of Te atoms exhibit lower «, with the same values
within experimental error for BasCui4.4SesTes and BasCuis7SesTes, with x = 0.61 W m™ 'K
at the beginning of the data collection. This observation is in correlation with the larger mass

fluctuation for the samples with the larger Te concentration.

The lower thermal conductivity of these materials is comparable with some of the well-
known materials with low lattice thermal conductivity at elevated temperatures up to 800 K.
Some of these materials include AgnPbmMnTem+2n (M = Sb or Bi) and more specifically
AgPb1oSbTe1s (k. ~ 1 W m'K™" at 650 K),% the filled skutterudites,'®® $-Zn4Sh3%%1%* and

AgzTe.155
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As discussed in the introduction, the thermal conductivity, x, is the sum of the
electronic thermal conductivity, xe, and the lattice thermal conductivity, x.. To gain further
insight into the effect of the mass fluctuation on the lattice thermal conductivity, i, was
calculated via kL = x - ke. Here, ke was estimated from the Wiedemann-Franz law, ke = LoT.
The Lorenz number L was computed by applying the proposed Equation 3.1 under the
assumption of acoustic phonons, which was reported to be in good agreement with the single

parabolic band (SPB) model.*®

L= (15 + exp [%]) 108 V2K-2 3.1)

We refrained from calculating xe from the cooling data, as the electrical conductivity
changed more significantly than the thermal data. Therefore, only the heating data can be

provided for the lattice thermal conductivity (Figure 3.16).
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Figure 3.16 Lattice thermal conductivity of the heating measurements of BasCuis.xSei1-yTey

in dependence on temperature.

Consistently, all samples possess very low xi values, namely below 0.6 W m 'K,
Samples with the larger mass fluctuation showed similar values to each other, and lower values
than the other measured samples (e.g., 0.38 W m 'K at 299 Kand 0.31 W m 'K forx = 1.6
and y = 3). Since x. is calculated from xL = x - ke, i.€. from two experimentally determined
properties with errors of 5% or higher, the almost 10% difference between the calculated lattice
thermal conductivity of BasCuis4SessTezs and BasCuiszSessTezs is at the border of

significance.

Ultimately, the figure-of-merit was obtained from the fit of the power factor, a?s, and
the measured thermal conductivity values. It should be noted that a zT calculation here has an

additional error arising from the different changes in the electrical properties, compared to the
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thermal ones. An overall increase in the zT curves was observed in the entire measured
temperature range for both heating and cooling measured values, caused by generally
decreasing electrical conductivity and increasing Seebeck coefficient with temperature, and a
mostly temperature independent thermal conductivity. The maximum computed zT value is
obtained for BasCui4.7SegTes with zT = 0.49 at 695 K, while the other samples’ zZTmax Values

are equivalent within £10% error (Figure 3.17).
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Figure 3.17 Thermoelectric figure-of-merit zT of the heating (left) and cooling (right)

measurements of BasCuiexSe11-yTey in dependence on temperature.

3.4 Conclusions

Polycrystalline copper chalcogenides, BasCuiexSe11yTey (x =1.3,1.6 andy =2.5,2.8
and 3), have been synthesized. The physical properties of the hot-pressed samples with relative

densities of almost 100% of the theoretical maximal values were determined. A lack of stability
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of the transport properties when measured up to 630 K or higher was observed. Limiting the
measurements of the electrical transport properties up to 580 K revealed a good stability of

these materials.

Based on room temperature X-ray single crystal data, the distribution of the Cu atoms
across the nine Cu sites changed during the electrical property measurements, which is
indicative of an irreversible Cu ion movement during these measurements. The irreversible Cu
ion movement was verified after the electrical property measurements through SEM/EDX
measurements. The 6% difference between the at-% of copper of the bottom and top of the
measured bar corresponds to a movement of Cu ions from the hot end to the cold end due to
the temperature gradient during the Seebeck measurement. As a result of the irreversible Cu
ion movement in these materials, the electrical conductivity and the Seebeck coefficient of the
first cooling measurement compared to the same temperature during the first heating exhibited
larger and smaller values, respectively. Ultimately, after the first measurement cycle of
BasCui4.7SessTezs, and in some cases later, a steady state was reached, meaning the electrical
properties remained unchanged during subsequent measurements. Similarly, a lack of stability
was observed during the thermal diffusivity measurements, as a noticeable temperature

gradient was also applied in the flash method.

Finally, the calculated dimensionless thermoelectric figure-of-merit values range from
zT = 0.44 to zT = 0.49 for all the measured samples around 690 K. As a result, BazCuie.xSe11-

yTey is not suggested to be used in thermoelectric devices.
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4. Thermoelectric Properties of BasCu16.xS11yTey

4.1 Introduction

The quaternary copper chalcogenides studied in this chapter, BasCuisxSii-yTey,
crystallize in either a rhombohedral or a cubic structure. The S/Te ratio dictates either a
rhombohedral or a cubic symmetry. In order for the rhombohedral variants of BazCui6-xS11-
yTey to form, y must be smaller than 5.5.%" Here we analyze only the rhombohedral samples,

as the cubic ones exhibited less promise due to their low Seebeck coefficient.

Prior to the presented work, the cold-pressed BasCuisSoTe2> with an experimental
density of 85% of the theoretical density showed an electrical conductivity of 20 Q'cm™ at
room temperature, which increased with temperature as expected for slightly doped
semiconductors, to reach 163 Q 'cm™ at 700 K. Thermal conductivity was not determined,
and Seebeck values exhibited an overall decrease from +226 uV K at room temperature to

+166 uV K at 700 K, indicative of predominantly p-type conduction.®’

Aiming to achieve higher efficiency of these narrow band gap p-type semiconductors,
some parameters needed to be modified. In this regard, lowering the Cu content in order to
increase the Cu deficiency and thus the charge carrier concentration was considered.

Additionally, we improved the relative density of the BasCuisxSi1yTey to almost 100%
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through hot-pressing. Thermoelectric properties of these materials, along with first stability

studies are discussed in this chapter, and was published in 2018.1%

4.2 Experimental Procedure

All compounds were synthesized from the elements (Ba pieces, 99.7%, Strem
Chemicals; Cu powder, 99.5%, Alfa Aesar; S flakes, 99.8%, Aldrich; Te broken ingots,
99.99%, Strem Chemicals) in C-coated silica tubes, evacuated and placed in programmable
furnaces. Trying different conditions of synthesis in order to shorten the reaction time always
resulted in side products, mainly the binaries of Cu chalcogenides. Only solid-state reactions
with slow cooling resulted in pure compounds.®® Therefore, evacuated tubes were heated up
to 1023 K in 12 hours, then the furnace was cooled down to 873 K in 20 hours, followed by

annealing for 100 hours at 873 K and lastly cooling to room temperature.

Phase purity of the synthesized compounds (x = 0.7, 0.9 and y = 2, 2.5, 3.5) was

checked via powder X-ray diffraction at room temperature. Figure 4.1 confirms that phase pure

samples were obtained.
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Figure 4.1 Room temperature powder XRD patterns of BazCuiexS11-yTey.

These phase pure samples were pelletized through hot-pressing at an applied pressure

of 60 MPa and a dwell temperature of 800 K for 2 hours, which led to an almost 100% density.

Electrical properties were measured perpendicular to the pressing direction, whereas
thermal conductivity was measured parallel to it. To check whether the properties are isotropic,
as may be expected based on the three-dimensional crystal structure despite the rhombohedral
symmetry, we measured the electrical conductivity on the same selected bar both parallel and
perpendicular to the pressing direction. The results were equivalent within experimental error.
For instance, for a measured bar of BasCuis.1SssTezs, the values of the electrical conductivity

for perpendicular and parallel directions at room temperature were 120 Q cm™ and 130
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Q cm™ respectively. To measure the parallel electrical conductivity a four-probe home-made
setup based on a Keithy 2400 sourcemeter was used while the electrical property on a
perpendicular direction was measured by ULVAC-ZEM-3 instrument. The 7% difference
between the electrical property measurements at 302 K may rise from the different dimensions

of the samples and different probe distances between the two measured samples.

The homogeneity of the samples was investigated through SEM/EDX on the surface of
the pellets after hot-pressing. An applied acceleration voltage of 20 kV was used to determine
the concentration as well as the distribution of the elements on five different areas of the pellet.
For instance, the determined atomic ratio of Ba: Cu : S: Te in BasCuis.1SgTes was as follows:
10.6(4) : 50(2) : 27(2) : 10.0(2). These elemental percentages are in a reasonable agreement
with the expected theoretical values of 10.3 : 51.9 : 27.5 : 10.3. The EDX results confirmed
that the hot-press and property measurement conditions did not cause any noticeable decay
such as loss of sulfur during the process of heating up the samples. Figure 4.2 demonstrates

the homogeneous distribution of the elements.
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Figure 4.2 EDX maps of BasCuis1SgTes. Top left: secondary electron image; top right: Cu

map; bottom left: S map; bottom right: Te map.

Thermal stability of BasCuis3S75Tess was investigated by combined DSC and TG
under argon, with a heating rate of 10 K min~'. No phase transitions were observed aside from
melting at 970 K while heating and a delayed crystallization while heating. A small weight
loss was noticeable above 800 K, restricting our property measurements to a maximum

temperature of 750 K (Figure 4.3).
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Figure 4.3 DSC/TG of BasCuis3S75Tess. (heating rate of 10 K min~! under Ar atmosphere).

4.3 Results and Discussion

4.3.1 Crystal Structure and Crystallographic Data
As is the case in the selenides, extended Cu—Cu contacts with different distances below
3 A result in clusters of 26 Cu atoms in the structure of the sulfides with rhombohedral

structure. These clusters are interconnected via d*°—d'° nonclassical Cu—Cu bonds to a three-

dimensional network (Figure 4.4).
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Figure 4.4 Three-dimensional network of Cugzs clusters in the structure of BasCuiexS11-yTey.

As was observed in the selenides, Cu deficient sites combined with the direct contacts
between the Cu atoms might cause the Cu ions to be mobile throughout the whole material.
However, X-ray single crystallography data from before and after the electrical property
measurements confirmed the larger stability of the sulfides as compared to the selenides. As
opposed to the selenides, discussed in chapter 3, the refinement of the sulfides was completed

with six Cu sites (before and after the electrical transport property measurements). For
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example, the completed refinement of the nominal composition of BazCuis1SssTezs
resulted in an acceptable R(Fo) = 0.038 and a maximum residual electron density of 4.3 e
A3, Therefore, fewer occupied sites result in a smaller disorder and a larger stability of the
sulfides as compared to the selenides. The crystallographic information of the refinement of
BasCuis.1SssTezs is exhibited in Table 4.1. Fractional atomic coordinates, equivalent
isotropic displacement parameters and site occupancies for the data before and after the
physical property measurements are illustrated in Table 4.2. This information is indicative of
no considerable changes between the refined occupancies before and after the property

measurements.

Table 4.1 Crystallographic details of the refinement of “BasCuis1SssTe25”; I) before hot pressing: 1)
after the electrical transport property measurements.

Refined formula 1) BasCusis 26(7)Ss.31¢1) T €2.60 I1) BasCuss.38(7)Se.35(1) T €26
Formula weight 1991.67 1994.36

T[K] 296(2) 296(2)

L [A] 0.71073 0.71073

Crystal system Rhombohedral Rhombohedral
Space group R3m (no. 166) R3m (no. 166)

a, c [A] 11.901(1), 27.433(2) 11.899(2), 27.449(4)
Vv [A%] 3364.80(6) 3365.5(1)

Z 6 6

:;;’)’a Ru(F0?).” GOF (obs. 0.037, 0.085, 1.04 0.038, 0.085, 1.04
gﬂe;ns‘i’t;n?;;?dua' electron 5 30, 4.48 2.29, 4.26

R(Fo) = Z||Fo[-Fell / Z|Fol; ® Ru(Fo?) = [ Z[W(Fo? — Fc2)?] I Z[w(F+?)?] 1¥2, with F, and Fc being the
observed and calculated structure factors, respectively.
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Table 4.2 Fractional atomic coordinates and equivalent isotropic displacement parameters and

occupancies of “BasCuisi1SssTezs”; I) before hot pressing; II) after the electrical transport property

measurements.

X y z ) Us/A2 1) oce. 1) Ue/A% 1) occ.
Bal 0.47177(3) 0.52823(3) 0.08655(2) 0.0161(2) 1 0.0165(2) 1
Cul 0.2325(2) 0.01334(1) 0.13515(6) 0.0391(6) 0.816(6) 0.0414(7)  0.816(7)
CulB 0.0175(1) 0.1548(9) 0.1503(3) 0.046(4)  0.138(6) 0.041(4)  0.135(6)
Cu2 0.757(1)  0.2429(1) 0.01852(9) 0.0586(9) 0.945(9) 0.060(1)  0.968(9)
Cu3 0.52396(8) 0.47604(8) 0.28215(5) 0.0243(5) 0.996(7) 0.0248(5)  0.991(8)
Cud 0.54640(9) 0.45360(9) 0.37995(6) 0.0339(6) 0.961(8) 0.0348(7)  0.970(8)
Cu5 0 0 0.1688(2) 0.042(2) 0.63(2) 0.045(2)  0.66(2)
Cu6 0 0 0.2327(6) 0.033(5)  0.20(1) 0.035(5)  0.23(1)
QIL(S, Te) 0.77521(4) 0.22479(4) 0.11060(3) 0.0124(3) 0.435(6), 0.565(6) 0.0129(3)  0.451(6), 0.549(6)
Te2 0 0 0.07669(4) 0.0168(2) 1 0.0170(3) 1
S3 0.3197(2) 0 0 0.0135(4) 1 0.0144(55) 1
S4 0 0 0.3595(2) 0.0162(8) 1 0.0172(9) 1
S5 0.4781(1) 0.5219(1) 0.20550(8) 0.0170(5) 1 0.0180(5) 1

4.3.2 Thermoelectric Properties

The physical properties of the phase pure samples were determined for x = 0.7 and 0.9

and y = 2.5, 3, and 3.5. The temperature dependence of the electrical conductivity, o, is

depicted in Figure 4.5. The measured samples have very comparable values, ranging from 120

Qlem™to 143 O lem™ at the lowest temperatures measured. At 690 K, & values are between

104 Q'cm™® and 131 Qlcm™, with the sample with the highest Te concentration,

BasCuis.3S75Tess, having the highest conductivity. As previously discussed for the selenides

in chapter 3, this can be understood by the less ionic Ba—Te and Cu—Te interactions, compared
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to Ba-S and Cu-S, resulting in higher mobility. The small differences in the nominal Cu

deficiency appear to be negligible for the transport properties.
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Figure 4.5 Temperature dependence of the electrical conductivity of BasCuiexSi1-yTey.

The temperature dependence of the electrical conductivity is typical for extrinsic
semiconductors. Due to the proportionality of conductivity to the mobility, o decreases with
temperature. On the other hand, the exponential increase of the intrinsic carrier concentration
results in an enhancement of o with increasing temperature around 535 K. The increase in o
after the turnaround around 535 K continues to 690 K for BasCui51SgTes and to 653 K for
BasCuis.1SgsTeos. However, after the mentioned temperatures, the last data point of

BasCuis.1SgTes and the last two data points of BazCuis.1SgsTe2 s exhibit a slight decrease. This
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may be due to these materials reaching the softening point, around 300 K below the melting

point of 970 K.

The positive a values along with the (previously calculated) small band gap of 0.12
eV suggest heavily doped p-type semiconducting behavior of this material (Figure 4.6).
Similar to the calculated o, the measured o is comparable for BasCuis1SsTes and
BasCuis.1SgsTezs, with a maximal difference of 6%, which is equal to the sum of the estimated
experimental errors. However, below 680 K, the measured o of the more Te-rich material,

BasCuis3S7.5Tess is consistently larger than o of the other two materials.
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Figure 4.6 Temperature dependence of the Seebeck coefficient of BasCuisxS11-yTey.
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Typically, the sample with the higher electrical conductivity exhibits a lower Seebeck
coefficient, so this situation is relatively rare but has been previously observed in cases with
significant changes in the band structure. Examples include the occurrence of band
degeneracies upon changing the Si/Sn ratio in n-doped Mgz(Si,Sn)***% and the co-existence

of flat and steep bands when going from Tl2Ag12Se7*°! to TI,AQ12Ter+x.1?2

The power factor, PF, of 4.6 uW cm K2 for BazCuis.3S75Tess at 690 K is a product
of the o value of 131 Q*cm™ and the square of the « value of 188 pV K at that temperature.
As illustrated in Figure 4.7 (within £7% estimated error), PF shows a general increase
throughout the measured temperature range. The highest calculated PF of 2.4 pW cmK2 at
700 K for the cold-pressed BasCu1sSeTe2®" is almost 50% lower than the PF of the hot-pressed
BasCuis3S75Tess. This confirms the expected high impact of hot-pressing on the transport

properties.
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Figure 4.7 Temperature dependence of the power factor of BasCuis.xS11-yTey.

In contrast to the selenides, the measured electrical transport properties upon three
heating measurements with the Tmax = 690 K and the applied current density of 0.084 A cm2
appeared to be reproducible (Figure 4.8). The reproducibility of these data as compared to the
non-reproducible data of the discussed selenides in chapter 3 reveals a higher stability of

sulfides under the same measured conditions as the selenides.
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Figure 4.8 Stability of the electrical transport properties of BasCuis1SgTes.

The powder XRD pattern after three consecutive electrical transport property
measurements is depicted in Figure 4.9 in comparison to the calculated powder pattern (ICSD
#261933). The purity of the sample after the stability measurements was demonstrated as no

peaks related to side products could be detected.
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Figure 4.9 Powder XRD pattern of BasCu1s.1SsTes after three consecutive electrical transport

property measurements.

The reproducibility of the electrical property measurements was furthermore
demonstrated by measuring a bar prepared from the different hot-pressed sample of
BasCuis53S75Tess at DLR. The comparable results (Figure 4.10) were confirmed the reliability

and reproducibility of the collected data at UW.
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Figure 4.10 Reproducibility of the electrical transport properties of two different samples of

BazCuis3S7.5Tess. UW: measured at the University of Waterloo; DLR: measured at the

Very low total thermal conductivity values below 0.6 W m™'K™! were observed for all

German Aerospace Center.

discussed materials in the measured temperature range (Figure 4.11). The thermal conductivity

values are all smaller than those for the selenides. In comparison with the reported thermal

conductivity for the binary materials, Cu1.97S (0.6 W m!K™! at 307 K and 0.5 W m'K™! at

800 K)® and -CuzSe (1.0 W m'K ™" at 420 K and 0.9 W m™'K ™" at 750 K),?” which owe the

low thermal conductivity to the phonon scattering caused by the Cu ion disorder, the

surprisingly low « of the reported quaternary sulfide-tellurides is quite impressive.
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Figure 4.11 Temperature dependence of the thermal conductivity of BazCuis-xS11-yTey.

Thereafter, the lattice thermal conductivity, x, was calculated. Figure 4.12 depicts the
temperature dependent x. for these quaternary barium copper chalcogenides. The ultralow
lattice thermal conductivity, consistently below 0.5 W m™'K™!, for these materials is indicative

of a short phonon mean free path.
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Figure 4.12 Temperature dependence of the lattice thermal conductivity of BasCuisxS11-yTey.

As discussed in details in the introductory chapter of this thesis, a low lattice thermal
conductivity may occur in different materials for various reasons. Here, the coherent Cu atom
network along with the many deficient Cu sites may enable Cu ion mobility through the whole
material. Although the diffusion of Cu ions is not comparable to that of the fast ion conductors
such as AgzTe and ZnaShs3¥1541% (which in turn allows for the observed stability of this
material) or even the selenide variants, it may still impact x. to some extent by temporarily
filling additional sites and increasing the disorder. Additional reasons contributing to the low
lattice thermal conductivity are the highly complex crystal structure, combined with Cu site
deficiencies and S/Te mixed occupancies. For instance, BazCu1s3S75Tess with x. of 0.39 W
m~'K™t at around 420 K and 0.23 W m 'K 745 K possesses a lower x. than the binary -
CuzSe with its relatively simple cubic structure, which exhibits . = 0.59 W m™'K™* at those

temperatures.?’
96



Finally, zT values (Figure 4.13) were determined from the thermal conductivity and the
polynomial fits of the power factor data for the whole temperature range. Throughout the
measured temperature range, zT exhibits an overall increase, similar to PF, with increasing
temperature for each sample. BasCuis3S7sTess, as the material with the highest PF and the
lowest « here, achieves consequently the highest zT values, with a maximum of 0.88 at 745 K.
The zT values of the other two materials investigated here are equivalent to each other within

the estimated error of 10%.
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Figure 4.13 Thermoelectric figure-of-merit of BasCuisxS11-yTey.

The thermoelectric figure-of-merit is comparable with the zT values of Cu.S and p-
CuzSe. For example, S-CuzSe shows a slightly lower zT value of 0.82 at 750 K,?” while Cus.6sS

has a higher zT value of 0.93 at 750 K. However, the quaternary sulfide-telluride materials
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presented in this chapter appear to be more reliable for thermoelectric applications than these

binary copper chalcogenides.

BasCui53S75Tess shows a zT value of 0.59 at 600 K, which is comparable with the zT
of another barium copper sulfide-telluride, namely BaCus 9STeg with zT = 0.53 at 581 K. While
the corresponding selenide-telluride BaCus SeTes with zT = 0.81 at 600 K is a more efficient
thermoelectric material at that temperature, it decomposes above 663 K.1% Finally, with the zT
= 0.73 at 690 K, BasCui53S7.5Tess has a better performance than BasCuiexSei1-yTey at the
same temperature. The thermoelectric properties of these BasCuisxSi1yTey samples are

summarized in Table 4.3.

Table 4.3 Thermoelectric properties of BasCuis.xS11-yTey.

Property BasCuis1SgTes BasCuis1Sss5Te2s BasCuis3S7s5Tess
T (K) 345 K/690 K 345 K/690 K 345 K/745 K

o (Qem™) 123/119 116/104 143/131

a (uV K1) 126/175 118/183 136/188

PF (uW cm™K™) 1.9/4.0 1.6/3.5 2.714.6

x (Wm?K™? 0.48/0.50 0.53/0.49 (622 K)* 0.41/0.39

r (W mK™?) 0.41/0.36 0.46/0.37 (622 K)* 0.32/0.23

zT 0.14/0.53 0.11/0.43 (622 K)* 0.23/0.88

*Maximum of the measured temperature is 622 K.
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4.4 Conclusions

The thermoelectric properties of p-type BasCuis-xS11yTey (X =0.7, 0.9 and y = 2, 2.5,
3.5) have been investigated. Heavy doping of BasCuiexS11-yTey via introducing Cu deficiencies
resulted in a moderate electrical conductivity and Seebeck coefficient, which led to a power
factor of 4.6 uW cm2K2 for the best measured sample, BasCuis3S75Tess. What causes the
good thermoelectric performance of these materials in high temperatures, is not their moderate
power factor but their outstanding low thermal conductivity. The latter is a consequence of
their complex crystal structure, Cu atom deficiencies, and S/Te mixing. Ultimately, a
maximum figure-of-merit value of zT = 0.88 was found at 745 K for the compound with the
largest Te content, namely BasCu1s3S75Tess. With BasCu1s3S75Tess exhibiting zT = 0.73 at
690 K for sulfides outperform the selenides discussed in chapter 3, whose highest zT is 0.49 at

690 K.

In contrast to the selenides, which exhibit stability only in measurements up to 580 K,
sulfides are stable in a significantly larger temperature range, up to the maximum measured
temperature of 745 K. The higher stability of the sulfides appears to be a consequence of the
lower Cu ion mobility compared to the selenides, which is likely related to the higher hardness

and lower polarizability of the S?~ atoms as compared to the Se?".

Below 750 K, BasCuis3S7sTess has a zT value comparable with promising
thermoelectric materials such as f-Cu>Se and Cus.gsS at these temperatures. In contrast to these

binary copper chalcogenides, the here reported materials are potentially more applicable for
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thermoelectric devices because of their stability during the measurements performed so far.
However, in order to utilize these materials in device fabrication, more investigations about
the ionic diffusivity through other stability measurements such as applying larger currents at

different temperatures with different measurement times should be performed.
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5. Effect of Mixed Occupancies on the
Thermoelectric Properties of BaCug.xSe1.yTeg+y

Polychalcogenides

5.1 Introduction

Electronic structure calculations revealed a narrow band gap of 0.05 eV for the charge
balanced quaternary copper chalcogenide, BaCusSeTes.%® Previously, “BaCuseSeTes” with
statistically 74% occupied Cu sites was reported to attain a zT of 0.81 at 600 K.1® The
combination of a moderate electrical conductivity, o = 131 Qcm™, and a moderate Seebeck
coefficient, « = 213 uV K1, with the thermal conductivity being consistently below 0.6 W
m~1K™ allowed this zT value to be achieved. Hence, “BaCus ¢SeTes” is a better thermoelectric
material than s-CuzSe with zT = 0.57 at around 600 K.2” A higher power factor due to the larger
electrical conductivity values of the Se variant leads to the larger zT value of “BaCus.eSeTes”
compared to “BaCusgSTes”, while “BaCusoSTeg” exhibits the lower x in the studied
temperature range. Therefore, decreasing the thermal conductivity of BaCusoeSeTes to the
benefit of increasing the zT value was considered. Here, we studied the effect of the mass
fluctuation by varying the amount of the chalcogen atoms Se and Te on one crystallographic
site on the thermoelectric properties of BaCusxSe1-yTes+y. Increasing the Te content should
also occur with more covalent interactions, as Te is more metallic and electropositive than Se.
The influence of mixing Se and Te atoms in different ratios in this material is discussed in this

chapter, and was published in 2019.%6!
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5.2 Experimental Procedure

All compounds were synthesized from the following elements (Ba pieces, 99.7%,
Strem Chemicals; Cu powder, 99.5%, Alfa Aesar; Se pellets, 99.9%, Alfa Aesar; Te broken
ingots, 99.99%, Strem Chemicals). All elements were transferred into C-coated silica tubes,
evacuated and sealed. The reactions took place in programmable furnaces through a melting
and slow cooling process. Evacuated tubes were heated up to 1023 K in 12 hours, then the
furnace was cooled down to 663 K in 20 hours and lastly cooled down to room temperature.
In order to obtain pure products, all samples were ground and re-annealed at 663 K. The length
of the annealing time was directly related to the amount of Te atom in the sample; starting from
300 hours for the sample with the smallest amount of Te as a minimum annealing time, and

ending in three weeks for the samples with the maximum amount of added Te, y = 0.4.

Thereafter, the synthesized compounds were ground into powder and their phase purity

was checked via powder X-ray diffraction. Figure 5.1 demonstrates the purity of the samples

with (x =0.1, 0.26 and y = 0, 0.1, 0.3, 0.4, 0.54).
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Figure 5.1 Room temperature powder XRD patterns of BaCus.xSe1-yT€s+y.

Excluding “BaCuseSeTes”, all samples were hot-pressed under a pressure of 47 MPa
at temperature of 593 K for a duration of one hour. “BaCus9SeTes” with its lower Te content
was hot-pressed at the higher temperature of 623 K, under the same pressure as the other
samples for one hour. Using the lower temperature to hot-press “BaCus9SeTes” yielded lower
relative density, and thus worse transport properties. These procedures resulted in relative
densities of 98% — 99% of the theoretical values determined from X-ray data. Room

temperature powder XRD patterns of the hot-pressed samples were depicted in Figure 5.2.
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Figure 5.2 Room temperature powder XRD patterns of BaCues.xSe1-yTes+y after

hot-pressing.

5.3 Results and Discussion

5.3.1 Crystal Structure and Crystallographic Data

By using two different chalcogen atoms such as Se and Te, BaCus.xSei.yTes+y
crystallizing in the cubic space group Pm3 was uncovered.®® In this structure, Ba and Cu atoms
occupy the Wyckoff positions of 1b and 8i respectively. Te atoms fully occupy the 6f (Tel)

and share the 1a Wyckoff position with the Se atom (Q2 = Se2/Te2) wheny > 0.
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The structure is composed of Cus-x cubes centered by Q22 atoms, interconnected via
bonds to Te,?” pairs and the Ba cations to a three-dimensional network (Figure 5.3). Such Tex?~

dumbbells also occur in KoBaCusTe1o and Cs;BaCusTexo.162

Cu
SelTd

' Te

Figure 5.3 Crystal structure of BaCus.xSe1-y T€s+y.

For an electron precise formula, the Cu content is six per formula unit, as expressed in
Ba*(Cu™)eSe? (Tez?)s, corresponding to a 75% occupancy of the Cu site. Noting that Cu
chalcogenides, including CuzxSe and CuzxTe,*%31% are rather Cu-deficient than Cu-rich, at

least two of the eight corners of the Cus.xQ2 cubes will be unoccupied corresponding to BaCus.

xSeTes with x > 0.
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Along the edges of the cubes, d**~d'® Cu—Cu bonds occur with lengths of 2.78 A in
case of BaCusoeSeTes, and 2.80 A in case of BaCus 74¢2)Seo43@)Tess7. The existence of the
nonclassical d*°—d*® bonds between Cu atoms along with the Cu site deficiencies, may cause a
local ionic mobility inside the CusxQ2 cages. The enlarged anisotropic displacement
parameters of the Cu atom, being up to 50% higher than that of the Ba and Te atoms, may be
indicative of this. In any case, the Cu ions cannot readily move from cage to cage as the path

is blocked by the larger atoms, Ba and Te.

Three samples with different nominal compositions of “BaCussSeosTes4”,
“BaCus.7aSeo6T€6.4” and “BaCus 9Seo s Tes.4” Were analyzed via single crystal structure studies.
Here, the refinement procedure is described for “BaCusoSeosTes4”, and the rest of the
refinements followed the same procedure. The refinement of the fully occupied sites, which
were previously published,® resulted in R(Fo) = 0.065 with a high equivalent isotropic
displacement parameter Ueq = 0.046 A? for the Cu atom. To reduce the highest peak of 6.9 e
A2 in vicinity of the Se atom on 1a, the 1a site was refined as a mixed Se/Te occupied site
(Se2/Te2). The least square refinements of this model led to the R(F,) = 0.059 for all
reflections. The large value of the deepest hole in vicinity of the Cu atom, 4.0 e A3, was
lowered to 0.7 e A3 after refining the Cu atom occupancy. As a consequence, R(Fo) was
lowered further to 0.010, and the thermal expansion parameter Ueq Was decreased to 0.029 A?,
as the occupancy of the Cu site was refined to 72%. This occupancy corresponds to 5.74(2) Cu

atoms per formula unit.
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Including the other two cases, the refined Cu content varied only insignificantly from
5.74(2) to 5.79(2), while the nominal Cu content changed from 5.4 to 5.9. On the other hand,
crystals obtained from samples of the nominal compositions of “BaCussSeTes” and
“BaCusoSeTes” showed refined Cu contents around 5.9, as expressed in the formulae
BaCus.so3SeTes and BaCus.gs2)SeTes.® Therefore, it is concluded that mixing Se and Te
atoms on the 1a site results in lower Cu contents in the target materials, compared to BaCue-

xSeTes, independent of the exact starting Cu amount.

The crystallographic details of the samples with mixed Se/Te occupancies,
“BaCus.4SeosTess”, “BaCus74SeosTess” after the physical property measurements, and
“BaCus oSeos Tes.4” are summarized in Table 5.1. Tables 5.2 - 5.4 contain the fractional atomic
coordinates, equivalent isotropic displacement parameters and occupancies of

BaCus.742)Seo.60(1) Tes.31, BaCus.79(2)Seo.61(2) T€6.39 and BaCus 742)Seo.43(2) T€6.57.
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Table 5.1 Crystallographic details of BaCus-xSeosT€s.4.

Refined formula BaCus 72¢Seoso)Te631  BaCus7o2)Seos12)T€s39  BaCus 74(2)S€0.432) T€657
Formula weight 1361.90 1369.05 1373.71
T [K] 296(2) 296(2) 296(2)
L[A] 0.71073 0.71073 0.71073
Crystal System Cubic Cubic Cubic
space group Pm3 (no. 200) Pm3 (no. 200) Pm3 (no. 200)
a[A] 6.9819(6) 6.9858(5) 6.9966(9)
V [A%] 340.35(9) 340.92(7) 342.5(1)
VA 1 1 1
R(F0),? Ru(F0?),?

0.015, 0.025, 1.09 0.026, 0.036, 1.15 0.010, 0.024, 1.07
GOF (obs. data)

Min., max. residual
electron density —0.49, 0.58 -1.12,1.04 —-0.70, 0.41
[e A

3R(Fo) = Z||Fol-|Fell / Z|Fol; ® Ru(Fo?) = [ Z[W(Fo? — Fc?)?] I Z[w(F?)?] ]2, with F, and F. being the
observed and calculated structure factors, respectively.
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Table 5.2 Fractional atomic coordinates, equivalent isotropic displacement parameters and
occupancies of BaCus 742)Seo.s9(1) T€6.31.

Site X y z Ueg/ A2 occ.
Bal 1b Y Ya Y 0.0209(2) 1
cul 8i 0.19980(7) x X 0.0254(3)  0.718(2)
Tel 6f 0.30021(5) 0 1% 0.0172(1) 1
Q2 (Se2, Te2) 1a 0 0 0 0.0428(6) 0.69(1), 0.31

Table 5.3 Fractional atomic coordinates, equivalent isotropic displacement parameters and

occupancies of BaCus.792)S€o.61(2) T €6.39.

Site X y z Ueg/ A2 occ.
Bal 1b Y2 Y Ya 0.0216(4) 1
cul 8i 0.2001(1) x X 0.0274(6) 0.724(3)
Tel 6f 0.30031(8) 0 7’ 0.0183(3) 1
Q2 (Se2, Te2) la 0 0 0 0.046(1)  0.61(2),0.39
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Table 5.4 Fractional atomic coordinates, equivalent isotropic displacement parameters and

occupancies of BaCus 742)Seo.32) T€6.57.

Site X y z Ueg/ A2 occ.
Bal 1b Y Y Y2 0.0211(2) 1
cul 8i 0.20018(6) x X 0.0269(2) 0.717(2)
Tel 6f 0.30031(8) 0 n 0.0175(1) 1
Q2 (Se2, Te2) la 0 0 0 0.0578(5) 0.43(2), 0.57

According to the crystallographic information, increasing the amount of Te atoms leads

to lower Cu occupancies. This is most likely a consequence of the larger size of the Te

compared to the Se atom. For example, the Slater radii are 1.40 A and 1.15 A, respectively.

Correspondingly, the Cu—Q2 distances are 2.52 A in Cu,Se!® and 2.61 A in high temperature

Cu»Te.’8® The Cu-Tel distance in BaCus.gSeTes is 2.61 A, while the Cu-Se2 distance is as

expected significantly shorter with 2.41 A. In case of BaCus742Seoa3)Tess7, the

corresponding distances are 2.62 A and 2.43 A, respectively, while the Q2 site includes 40%

Se and 60% Te. Therefore, these cubes are particularly strained when centered by the larger

Te atom, causing a higher Cu atom deficiency. Experimentally we observed 0.20 <x <0.26 in

BaCue-xSe1yTes+y When y > 0.3, compared to 0.07 <x <0.08 wheny =0.

5.3.2 Thermoelectric Properties

Temperature dependent electrical conductivity data are plotted in Figure 5.4. The

electrical conductivity, o, decreases with increasing temperature for all measured samples with
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various Te concentrations, which is typical for heavily doped semiconductors. Increasing the
amount of Te atoms generally results in higher o in the measured temperature range, in accord
with the demonstrated higher Cu atom deficiency. For instance, at room temperature, the o
value of the material with the largest amount of Te atoms, “BaCus74Seo46T€654”, is 685

Q cm™, which is almost three times larger than the measured ¢ value of 242 Q ‘cm™ for

“BaCus9SeTes”.
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Figure 5.4 Temperature dependence of the electrical conductivity of BaCus.xSe1.yTes+y.
Literature data were “Adapted with permission from ref.% Copyright (2019) American

Chemical Society.”

In order to find the carrier concentration, Hall measurements were carried out on both
“BaCus.74Se0.46Tes54” and “BaCusgSeTes” at room temperature. The positive Ry indicates
these materials to be semiconductors with holes as major charge carriers. The hole

concentrations at room temperature, n = 1/(Rue) with the elementary charge as e, are 6.5 x 102
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cm 2 and 7.7 x 10%° cm™3 for “BaCus74S€0.46Tes.54” and “BaCusoSeTes”, respectively. Thus,
the experimental data support the statement that higher Te concentrations result in larger p-

type defects in accord with the increased Cu atom deficiencies.

Charge carrier mobility of the samples “BaCus 74Seg.46Tes54” and “BaCusgSeTes” was
determined to be 6.6 cm?V1s* and 19.6 cm?V~1s, respectively. The lower mobility of the
sample with the higher carrier concentration is likely a consequence of increased carrier
scattering. With the mobility of the Te-rich sample being three times lower, and the carrier
concentration over eight times higher, a significantly larger electrical conductivity results as

mentioned above.

The temperature dependence of the Seebeck coefficient is plotted in Figure 5.5. The
positive Seebeck coefficient values, increasing with increasing temperature, confirm the p-type
character of these heavily doped semiconductors. Increasing the amount of Te atoms, thus the
Cu atom deficiencies and thereby the (hole) charge carrier concentration, results in smaller
Seebeck values, a. For instance, at room temperature, the o values range from +49 pV K1 for

“BaCus.745€0.46 T€654” 10 +164 1V K™ for “BaCusoSeTes” .
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Figure 5.5 Temperature dependence of the Seebeck coefficient of BaCus.xSe1-y T€s+y.

Literature data were “Adapted with permission from ref.1% Copyright (2019) American
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The power factor curves for these barium copper polychalcogenides are plotted in

Figure 5.6. The larger Seebeck coefficient throughout the measured temperature range for

“BaCus 9SeTes” causes generally larger PF for this material compared to “BaCus 74S€o.46 T€6.54”

with the largest amount of Te atoms, (e.g. 6.5 uW cm *K™2 compared to 1.7 uW cm K2 at

room temperature).
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Figure 5.6 Temperature dependence of the power factor of BaCue-xSe1-yTes+y.

As discussed in chapter 1, in order to suppress long range ion diffusion in Cu>Se, some
modifications were considered.8-828167 Moreover, it was previously concluded that
“BaCus.9SeTes” is not suffering from a lack of stability arising from Cu ion migration, even
though it likely has local Cu ion migration inside the CusxQ2 cages.'® Here, we also
demonstrated the stability of “BaCus74SeosTess” with higher Cu deficiencies than
“BaCus9SeTes”. As revealed in Figure 5.7, the material’s properties remained unchanged

during five consecutive electrical property measurements.
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Figure 5.7 Stability of the electrical transport properties of “BaCus 74SeosTes.4”.

The stability of the “BaCus.74S€0.46 T€6.54” after two times measurements of the transport

properties was also illustrated in Figure 5.8.
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Figure 5.8 Stability of the electrical transport properties of

“BaCus 74S€0.46 T€654”.
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The concentration of the elements in “BaCus 74Seo.46T€6.54” after the physical property
measurements was determined, via SEM/EDX with an applied acceleration voltage of 25 kV.
The good agreement between the measured elemental atomic percentages of 7.8(2) : 41(1) :
4.7(5) : 47(3) and the nominal values of 7.3 : 41.7 : 3.3 : 47.6 indicates a reasonably
homogeneous distribution of the elements in the sample with no decay after hot-pressing and
subsequent property measurements. The larger deviation of the atomic-% of Se from the
theoretical value may be explained as a result of a systematic difficulty in the elemental

analysis of elements with low at-% via SEM/EDX.

All the measured materials exhibit low total thermal conductivity, «, generally below 1
W m~'K™! throughout the measured temperature range (Figure 5.9). Materials with larger o
have overall higher thermal conductivity if the lattice contribution is comparable as in this

case. Therefore, the samples with higher Te content have larger x values.
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Figure 5.9 Temperature dependence of the thermal conductivity of BaCuexSe1.yTee+y.
Literature data were “Adapted with permission from ref.1% Copyright (2019) American

Chemical Society.”

As mentioned in previous chapters, a low thermal conductivity may occur for various
reasons. For instance, in p-Cu.Se, a disordered Cu atom sublattice results in a low lattice
thermal conductivity and consequently a low thermal conductivity.”® Here, a low L in
combination with the moderate electrical conductivity, lead to the low total thermal

conductivity.

All materials show very low x values, steadily below 0.8 W m™'K™! (Figure 5.10). As
expected, the sample with the highest Se/Te disorder, “BaCus.74Seo4sTess4”, exhibits the
smallest x here, while having similar values as “BaCusoSegsTes4” within the estimated
experimental error. The x_ values of the other materials with y = 0.1 and 0.3 do not follow a

clear trend. The lattice thermal conductivity gradually decreases in all cases with the overall
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smaller values for “BaCus 745€0.46T€654” (0.51 W m'K ™! at 305 K and 0.28 W m'K™! at 587
K). Reaching x. = 0.28 W m'K™! at 587 K renders this material comparable or even better
with respect to blocking the phonon propagation than most of the other copper chalcogenides
with low «i: the lattice thermal conductivity of “BaCus 74Seg46T€6.54” is lower than the x of
B-CuzSe (r = 0.59 W m K at 352 K and 600 K) and 5-Cuz.9sSe (k. = 0.59 W m'K ™' at 352

K and 0.50 W m 'K ™! at 600 K).
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Figure 5.10 Temperature dependence of the lattice thermal conductivity of BaCus.xSe1-yT€s+y.

The figure-of-merit was plotted in Figure 5.11. This figure also reveals the
reproducibility of figure-of-merit zT of “BaCuseSeTes” compared to the reported literature
data. An overall increase in zT with increasing temperature is observed in all the investigated

samples. Among the here investigated copper polychalcogenides, “BaCusgSeTes” and
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“BaCus oSeogTes1” exhibit the highest performance, while increasing Te beyond 6.1 per
formula unit (y > 0.1) has a detrimental effect on the performance. The highest value of zT =

0.39 at 580 K for “BaCus74SeossTesss” is significantly lower than the zT = 0.69 for

“BaCus9SeTes” at this temperature.
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Figure 5.11 Reproducibility of the zT values of “BaCus9SeTes” (left). Thermoelectric figure-
of-merit of BaCues-xSe1-y Tes+y (right). Literature data were “Adapted with permission from

ref.1% Copyright (2019) American Chemical Society.”

The thermoelectric properties of the samples with (x=0.1,0.26 andy =0, 0.1, 0.3, 0.4,
0.54) measured at two different temperatures of ~ 350 K (first value) and ~ 575 K are

summarized in Table 5.5.
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Table 5.5 Thermoelectric properties of BaCus.xSe1.yTes+y at ~ 350 K (first value) and at ~ 575 K

(second value).

Property x=01y=0 x=0.1y=01 x=0.1,y=03 x=01y=04 x=0.26,y=0.54
o (Qem™) 202/110 253/176 4371267 702/454 640/421

a (LVK™) 176/234 144/185 92/153 64/109 58/113

PF (uW cm™K™) 6.3/6.0 5.2/6.0 3.7/6.3 2.8/5.3 2.1/5.4

x (W miK? 0.80/0.50 0.67/0.54 0.86/0.61 1.1/0.80 0.91/0.75
(W mK™?) 0.68/0.40 0.51/0.37 0.56/0.35 0.53/0.31 0.44/0.29

T 0.28/0.69 0.29/0.66 0.15/0.61 0.09/0.40 0.08/0.39

5.4 Conclusions

The effect of varying the Te content, y, on the thermoelectric properties of BaCug-xSe-
yTes+y Was studied for the first time in comparison to BaCus 9SeTes. These polychalcogenides
were synthesized with different Cu and chalcogen concentrations (x = 0.1, 0.26 and y = 0.1,
0.2, 0.3, 0.4, 0.54), then hot-pressed and the physical properties determined. The single crystal
data analyses of selected samples with different nominal Cu contents of 5.4, 5.74 and 5.9, and
y always being 0.4 revealed that the same nominal y results in similar Cu amounts in the target
material, namely 5.74(2)-5.79(2) per formula unit, equal within two standard deviations. These

Cu amounts were generally higher when y = 0, namely 5.89(3) - 5.93(2) per formula unit.

Larger mass fluctuations are often favorable for thermoelectric applications due to the

shortening of the phonon propagation, causing a lower lattice thermal conductivity. Indeed, the
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sample with the 46 : 54 Se/Te mixture on the Q2 site, “BaCus 74Seo.46 T€6.54”, has the smallest
experimental lattice thermal conductivity among the measured samples in this article.
However, as demonstrated by Hall measurements, the over eight times larger carrier
concentration for “BaCus74SeossT€s54” in comparison to “BaCusgeSeTes” decreases the
Seebeck values. In addition, the larger electrical conductivity of “BaCus 74S€0.46 T€6.54” causes
an undesired increase of the total thermal conductivity. Ultimately, the zT = 0.39 for
“BaCus.745€0.46 €654 compared to zT = 0.69 at 580 K for “BaCusoeSeTes” shows a better
performance for the material with no mixed Se/Te occupancies. On a positive note, the
properties of “BaCus74SeosTess” sample with its high Cu deficiency and Se/Te mixed
occupancy remained unchanged during our repeat measurements, indicative of its high stability
in contrast to e.g. CuzxSe. It remains to be investigated, however, whether these materials
would remain stable under the larger currents and temperature gradient applied in

thermoelectric devices.
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6. Summary and Outlook

In chapters 3 and 4 of this thesis, the thermoelectric properties of the quaternary barium
copper sulfide/selenide-tellurides were studied. Samples with different concentrations of Cu
and S/Se/Te were synthesized through melting and slow cooling process, hot-pressed and the
physical properties were measured. Among the sulfide-tellurides, the sample with the largest
amount of Te, exhibited the best thermoelectric performance with zT = 0.88 at 745 K. On the
other hand, the selenide-tellurides showed almost 50% smaller zT values with 0.40 — 0.49 at
690 K — 697 K. A complex crystal structure and a mass fluctuation reduced the lattice thermal
conductivity in both the sulfide- and the selenide-tellurides to below 0.6 W m'K™!. For
instance, BasCusis.3S7.5Tess with the lattice thermal conductivity of 0.23 W m™'K™! at 745 K
exhibited the lowest lattice thermal conductivity among both the measured sulfides and the
selenides. This indeed is a result of a larger mass fluctuation of this material as compared to
the rest of the measured samples, as it has the lowest S/Te ratio here. With such a low lattice
thermal conductivity and moderate electrical transport properties for BasCuis3S75Tess, very
small thermal conductivity of 0.39 W m 'K ™! at 745 K and a zT = 0.88 at this temperature were
attained. Further studies by increasing the Cu and Te concentrations to achieve materials with

a better thermoelectric performance are suggested as a future work.

Surprisingly, repeating the physical property measurements revealed non-reproducible
results for the selenide-tellurides, while the physical properties of the sulfide-tellurides were

consistently stable under measurement conditions. The reliability of our data collected on the
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sulfide samples was confirmed when the same results within the estimated experimental errors

were obtained by our collaborator in German Aerospace Center (DLR).

Our crystallographic analyses revealed the existence of three extra Cu sites in the
selenides as compared to the sulfide variants with a difference in the distribution of Cu atoms
before and after the electrical transport property measurements. This proved the occurrence of
the Cu ion movement either by the voltage or the temperature gradient during these
measurements. The stability was investigated by applying different current densities and
varying the maximum temperature. Decreasing the maximum measured temperature from 690
K to 580 K and the applied current density from 0.084 A cm= to 0.005 A cm™ resulted in
reproducibility of the data. Further investigations through SEM/EDX and the spatial resolution
of the Seebeck coefficient (PSM) after the electrical transport property measurements
confirmed the irreversible Cu ion movement due to the temperature gradient during the
Seebeck measurement. In conclusion, with zT values smaller than those of the sulfides around
690 K and lack of stability around this temperature, the selenide variants are not applicable for

thermoelectric materials’ fabrication.

In chapter 5, the effect of the mixed chalcogen atom site occupancies on thermoelectric
properties of BaCus.xSeiyTes+y Was studied. Phase pure samples with different Se/Te
concentrations were obtained through melting and slow cooling process and further annealing.
Increasing the Te atom concentration to 54% increased the electrical conductivity almost three

times larger than in case of BaCus.9SeTes. As proven by Hall measurements, increasing the Te
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content enhanced the number of the dominant carriers (holes) per formula unit by decreasing
the Cu concentration, thereby increased the electrical conductivity and reduced the Seebeck
coefficient. Increasing the concentration of the heavier Te atom also lowered the lattice thermal
conductivity due to an enhanced overall mass as well as mass fluctuation. However, due to the
detrimental effect of the smaller Seebeck values on the power factor, a smaller peak zT as
compared to BaCusgSeTes (zT = 0.81 at 600 K) was attained with zT = 0.41 at 587 K in case

of BaCus.74Se0.46T€6.54.

The stability of these materials was demonstrated through repeating the electrical
transport property measurements. Based on the lack of a suitable path of the Cu ions and the
demonstrated stability of the electrical property measurements, these materials are more stable
than the binaries, Cu,S and f-Cu.Se. Other improvements to increase the zT values may be
tried in future including a particle size and nanostructuring study of the best sample. The
thermal conductivity and the figure-of-merit of a few of the discussed materials in this thesis

as compared to -Cu.Se are depicted in Figure 6.1.
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Figure 6.1 Thermal conductivity (left) and figure-of-merit (right) of the presented barium

copper chalcogenides compared to the -CuzSe. (#-Cu.Se data were reprinted with

permission from ref.2” Copyright 2019 Springer Nature).
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