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Abstract

The objective of this thesiwas to study the thermoelectric properties cojpper
chalcogenidédased material@ith mixed chalcogematomsites Herein, the effect of different
concentrations ofchalcen atomson the physical property measurementnd the
performance of the thermoelectric materials with two different crystal structures were
investigated In addition stability studiesof two materials withdifferent chalcogen atoméS

and Se}purprisinglyrevealed substantiallyifferentbehavior

Due to the stability issues as a consequenc€wion conductivity at elevated
temperatures, the thermoelectric applicationCobxS and b-CwxSeis restricted athese
temperaturesTaking that into consideration, quaternary copper chalcogenideadditional
largeatoms, Ba and Te, were synthesiZEde quaternary barium copper selenitdurides,
BasCuisxSe1yTey, were synthesizeavith different x and y valueby 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 thkely a consequence of Cu ion conductivity
in these materialsThereproducibilityof the data was investigated by varying the maximum
temperature as well as the current dengiya result, decreasing the maximum temperature
and current density led to full aiility. Finally, their figure-of-merit, zT, only reached a

maximum value of 0.4at 690 K



Furthermore thermoelectric properties of thebarium copper sulfidéellurides,
BasCuexS11yTey, were studied Among three different studiedompositions, bt-pressed
BasCuus 3S7.5Tes s has the highegtower factor, 4.W cm 1K'2, which is almost 50% higher
than that of the best cofaressed sampl&aCuneSeTe, with 2.4uW cm 1K'? at 700 K. These
guaternary stide-tellurides are bestowed withan extraordinarily low total thermal
conductivity, which is below 0.8V m" K" ‘throughout the entirstudied temperature range.
In contrast to the selenigehe sulfides arstableunder the applied measurement conditions.
In addition, their higher stability at elevated temperatures compaeaS andb-Cu,Se with
high zTvalues renders them more feasible for thermoelectric devices. Aimetigee studied
materials, the one with the highest Te contendCBa&.3S7 sTes s, exhibiedthe lowesthermal
conductivity and the highest electrical conductivity, which reslilt zT= 0.88 at 745 KThis

zTvalue is also almost two times larger thanzfief BasCusxSea1yTey.

The quaternary bariumcopper selenidéellurides, BaCuxSe.yTes+y have been
reported earlier to bp-type semiconductorsyhen 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@u 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;
thereforea sampl e of N o mi nsabeseCegsmp avsaist iaol ns ofi Bsat Quud |

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



al most three times §$o8elgper inmhamcciomdc avs ¢ hott hi@Ba
causing a larger hole concentration. The largassriluctuation 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 figafemerit. In contrast tathe binary Cu

chalcogenidesCw«S andb-Cuw«xSe the data arstableunder the measurement conditions.

vi
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1. I ntroducti on

1.1 Thermoelectric Phenomena

I n todaysd6 society, energy plays a vital
fuels are a natural resource that our society is heavily dependent on for energy production.
However, more than half of the enengyanufactured is wasted as heat. Also, fossil fuels are
nonrenewable and their cost is exeereasing due to their depletibherefore, conerting
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 ofetimoelectrics 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 magnetisitnthe beginning, he studied this effect in a multiple number of
materialsj.e. metals and semiconductors later on. Thigaked Seebeck effect is in essence
the fundamental of thermoelectrics, which has been used in thermoelectric series to generate
electricity from heat for several decadeBhe Seebeck coefficieng) is the voltage difference
(eeV ¢aused by an applied temperature gradfegi) 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 enefdyDongeng Trucks, Gentherm Incorporated,



SANGO Co., Ltd® Tenneco Inct? and Valed! are examples of compani#sat have tested

thermoelectric devices in the automotive industitye Seebeck effect has also been proven to
be useful in the space industri?. For example, by utilizing the Radioisotope Thermoelectric
Generators (RTG) in missions such as Apolliking and Voyager, the heat caused by the

natural decay of Plutoniw®38 was successfully converted into electriéity.

(1.1)

k<c| &

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 r@sudt 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 éffectcomputed
from Equation 1.2, wher® is the heat carried by charges ahds the current across the
junction Few examples of the commercialized applications of Peltier effect include car seats,
coolers and referigeratot$.Companies suctas European Thermodynamitsand I1-VI

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

“ - (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 currentherthal
gradient (Equation 1.%)In order,U, ", andT are the Seebeck coefficient, the Peltier effect,

and the absolute terapature in this equation.

- (1.3)

1.2 Thermoelectric Efficiency and Dimensionless Figure-of-Merit

The dimensionless figwef-merit, ZT, of a thermoelectric material is defined in

Equation 1.4

a"Yy —"Y (1.4)

In the equation above, thermal conductiviy, is inversely related to the figud-
merit. The power factor of a thermoelectric materils, is the product ofhe square of the

Seebeck coefficientg, and electrical conductivitys, and thereby a measure for the electrical

performance of the thermoelectric material.

The power generatba nd t he cooling refr iYgenotedta r 6 s

Omax andlimax respectively, are shown in Equati@.5 and Equation 1.6.
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In both equationsp "¥ the average figuref-merit of the device, which is at best the
average of thegT values of thep-type andn-type materials, averaged over the applied
temperature range. In orddiy and Tc refer to the mean temperature at the hot end and the
cold end. Thus, improving ther 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 definet h e maazTare intaarélaies.

1.3 Thermoelectric Properties Interdependence

In order for a material to achieve largarvalues, the electrical conductivity and the
Seebeck coefficient should increase, and the thermal conductivity should deldeaseer,

optimizing one parameter typically precludes the optimization of others.
Excluding lattice thermal conductivitg,, the rest of the thermoelectric key properties
are related to the charge carrier density or charge carrier concentnatidnch is expressed

in Equations 1.7 to 1.10.

s=nem 2.7)



k: kL + ke (18)
ke=LosT (1.9)

k=ki+LonemT (2.10)

Wheres is the electrical conductivitye is theelementary chargfl.602x 10'° C), n
is the carrier concentratiomand /mis the charge carrier mobilityn order,s, a. and & are
thermal conductivity, lattice thermal conductivity and electronic thermal conductivity. In the
equations abovd; is the absolute temperature dngis the Lorenz numbeEquation 1.9 is
known as the Wiedemasffranz relatiort® Based on the equations above, increasinguses
s andato increaseln order for a material to be considered as an effective thermoelectric, the
carrier concentration should range betweef® t'® - 10?1 cm'® (typical heavily doped
semiconductorsy Tuning carrier concentrationa doping a compound with electron donors

or acceptors is the most popular way to effectively optimiethat 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 statb©$. Electrical conductivity increases
proportionally to the available density of states neaF#reni level DOSE) (Equation 1.11).

On the other hand, the Seebeck coefficient is directly related to the first deriveli@Sd),

and inversely proportional ©OSE) (Equation 1.12§°

, 900 "Os PP p
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Therefore, a larg®OS 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 larges) and parabolic bands (larger electron mobility, largeare the most ideal
for thermoelectric performance. In most thermoelectric materials with complexity in their band
structures, higibOSE) does not occur with a high electrical coativity 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 hieve a low thermal conductivity.

According to the Equation 1.8)e thermal conductivity of a thermoelectric material is
a sum of the electroni@e, andthe lattice,a., thermal conductivity. The contribution of the
electronic thermal conductivity toehthermal conductivity in heavily doped semiconductors
with a large number of charge carriers is noteworthy. This in part affects the thermoelectric

properties adversely.

Theratio ofa/(sT), known as Lorenz numbdr, was first calculated theoretically by

Drude; applying the ideal gas law in Equation 1.13.



I -ad -1 z0 (1.13)

Wherel is the phonon mean free pathis the average phonon velocity a@d is the
volume heat capacity. The phonon mean free path is a prodic¢hefrelaxation time, angl

Finally, Drude found the ratio @&f(l based on the assumptions for the kinetic enargythe
heat capacity calculated from the kinetic energy £ -"Q"Y and heat capacity-1Q£)

with n being number of the electrons per unit volufEquation 1.14§!

- —— 0 - — pPpp pm WY 'K (1.14)

TheLval ue from Dr ude6sl.1imdef vl K'?. $lowevar| teisu | at e d
is less than half of the accepted value used nowadays. Basieel BermiDirac statistics for

a free electronL is calculated as per Equation 1.15; which was initially presented by

Sommerfeld?

0 — — 8t pm WY 'K (1.15)

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

Drudebds cal cul atYoasitibgshowa in {Eguatioro1r16)0 f



6 — —YE&Q (1.16)

In addition equation 1.15 is based on tberrectedestimation of the classical

mean square velocitg, by a factor ofer/ksT.

The Lorenz number is expressedLadf 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 conductiongyht become smaller or larger
thanLo. At lower temperatugs, the electron mean free path is equal for electrical and thermal
conductivity, le and Iy, respectively These values are equal because efdgtic scattering

occurs at low temperatures. As a redult, Lo =2.44x 108 WY "Kin Equation 1.17.

0 0 - (1.17)

At higher temperatures where the scattering process is inelastig,and thereford.
Lo.2® Similar to metals and alloys, deviations frdmin heavily doped seimonductors
mainly depend on the temperatwkthe temperature dependestattering mechanisms, and
the level of doping. The value bffor semiconductors is in the range of 5108 WY K'?

(nondegenerate limit) and 244 108 WY K'? (Sommerfeld valuedegenerate 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 relatess. to crystallographic results, Equation 1.18 is deduced.

I & — (1.18)

Based on the Equation 1.18, low melting poifii#)( short atomic distances)( large
average masses | and a large number afoms per unit celNawom) could assertively suppress
the lattice thermal conductivity. In this equatigns theGriineisen parameter, which relates
the phonon frequencyo volume variation in crystaf® In general, most efforts to reduee
involve shatening the phonon mean free path. As such, any mechanism of scattering, which
affects phonons more than electrons, would decr@as®re than the electrical conductivity.
The term PGEC (Phone@Blass ElectrofCrystal) refers to an ideal thermoelectric amgt,
which behaves as glass towards phonons and behaves as crystal with respect to%[€otrons.
follow up with this concept and esrding to Equation 1.18, some of the approaches to achieve
a low a_ are listed as follows: utilization of materials with tredtling effect large mass
fluctuations, heavier atoms, complex crystal structures, larger lattice defects agrhiinesl
materials for scattering phonons through grain boundaries. Moreover, the extension of PGEC,
so-called PLEC (Phonohiquid ElectronCrystal) which § a result of eliminating all

vibrational modes, has an outstanding impact on minimiirtg



1.4.1 Rattling Effect

Type | inorganic clathrates driilled skutterudites are weknown for their low lattice
thermal conductivity due to the rattling motion of atoms inside -tiggestructures. This is
referred to as the rattling effect. This in turn leads to thghmoelectric performance of these

materials at elevated temperatute®

Type | clathrates with the general formula/@Eses (A = group | or Il elementss =
group XlIl and XIV elements) are classified as Zintl compoufidhe structure of these
compounds is composed ofcagelike framework formed by covalent bonding of the host
atoms, which is filled with a nebonded ionic s@alledii r at t | i n gBThgratingt at om
atom with a large anisotpac atomic displacement parameter (ADP), scatters the phonons and

lowersaL accordingly®? The crystal structure of cubic BaaeSiso is displayed in Figure 1.1.
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Figurel.1 Crystal $ructure of BaGaieSiso. Space group: cubieman.

Ba atoms are in black, Ga/Si atoms are in gféen.

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

clathrates | (Figure 1.2). The pentagonal dodecahedral cage contains th&latdrile the
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larger tetrakaidecahedron with two hexagonal and twelve pentagonal faces inctudts

A2. Hence Al andA2 possess very large coordination numbers of 22 and 24, respectively.

Figurel.2 Bal-centered dodecahedron (left), Beéntered tetrakaidecahedron (right)

Ga/Si atoms are in green.

The electropositive atonf, donates valence electrons to thatoms. TheA andE
atoms are also referred to as the figuest ato
structure, eaclt atom is connected to another fdomatoms in a thredimensional anionic
framework3* Valencebalanced semiconducting clathrates suctBaSa«(Si,Geko contain
184 total valence electrons, which are assigned to the host atoms. Since mixed occupied sites
of E = Ga(Si,Ge) ae present in these structures, the reduced formal balance for allif the
anions is one per bond; allowing a valence balanced formula to be acti&athrates
contain free charge carriers as a consequence of valebeéance. By varying the
concentration of the host atoms, thessenals can adopt different properties. For example,

BasGais«Ges0+x behaves as prtype semiconductor when x > 0 andype when x < 0. The
12



experimentally obtained lattice thermal conductivity of botlype andp-type materials is ~
1.0W m' K' ¥¥5As mentioned earlier, the relatively low thermal conductivity of clathrates is
a consequence of the rattling guest atom, thereby thec&eging phonons interact with the
vibrational modes of the rattling atoms to lower the lattice thermal condudtwétyound that

of the glasdike thermal conductivity®3’

Skutteruditesanotherexample of materials with rattling atoptgystallize in a cubic
ReQs-relatedcrystal structure with a space grouplwB. In contrast to Re§)theMQsz (M =
transition metals of groy8 - 10 andQ = pnicogen atoms) octahedra are tilted. As a result of
the existence of the distorted octahedkatterudites are comprised of p&aiQs units and two
Q12 icosahedrdn one unit celf* TheseQ:2 icosahedra could be tredtsimilar to the host
cages in lathrates. In the filledkutterudites, these polyhedrey beeither filled with alkaline
or rare earth elementghe filled skutterudites with the general formulaRW xM4xQ12 (R =
rare eartlgroup,)havea low thermal conductivity due to the existence of the rattling aRms
The crystal structure of the first filled antimonide skutterudite (L®Be) and the LaSh

icosahedron are depicted in Figure 1.3.

13



Figure 13 Crystal structure of cubic Lak®hi>. Space group: cubicn3. (La = blue, Fe =

green and Sb = red) (left), LaSlicosahedron (right}®

1.4.2 Materials with Complex Structures

Materials with omplex crystal structures hagenaller phonon mean free pstland
lower lattice thermal conductiyitvalues In addition, a low mobility of the charge carriers

leads to a smaller electrical conductivity of these matetidfs.

b-ZnsSky crystallizes in a rhombohedral crystal structure (spacepgRmc). This
structure is commed ofZnShy tetrahedral unitslt is also composed of linear chaionf Sb
atoms with distances of 2.82and3.38A. The occupancies of three out of four Zn sites, were

refined as 4% 6%; and the occupancy factor of treanainingZn site was refined as 90%

14



(also deficient). Therefore, the formula was refined as8is.3° Since Sb atoms are in the
form of isolatedanions (SB) and pairs (SB'), using the Zn site with the largest occupancy,
namely Znl, and ignoring the three other Zn deficient sites, the crystallographic formula
(Zn1)(Sb1x(Sbh2) is deduced. Therefore, the chatganced formula based on the assigned
charges i$Zn?")e5(Sb™ )3(Sby* for Znz.¢Shs. Thus the refined formula of ZShs is Zn+
deficient. As a resulf)-Zn:Shs with a band gap of 0.80.4 eV is g-type semiconductd®4!

A very low lattice thermal conativity of 0.65W m'*K' at room temperature could be mainly
attributed to a complex structure as wellths presence of marnyisordered Zn siteand
vibrations within the Sb atom chaif’s*? A zT of 1.3at 670 K was attainechostly because

this material possesses low thermal conductftity.

Yb14MnShi1 is another example of a material with complexity in its crystal structure.
This compound crystallizes in a GAISbi1 type structure (space grougl/acd).*® This
structure is composed of MnStetrahedral units and a linearsShunit with a single bond
distance of 3.20 A between Sb atofRgure 1.4) A low thermal conductivity of 0.90.7W
m'!K"™ in a temperature range of 3607 1275 K allows this material to perform well at

elevated temperatures with a pedlof 1.1 at 1275 K

15



Figurel.4 Crystal $ructure ofYb1sMnShyi. Space groupi4l/acd Yb atoms are in blyévin

atoms are in greemndSb atoms are in re@nly Mni Sb and SbSb bonds are shown.

1.4.3 Heavy Element Containing Materials

Two of the mostfamous conventional bulk thermoelectric materials used in
thermoelectric industries are lead telluride (PbTe) and bismuth tellurid&efBi PbTe
crystallizes in the simple cubic rock salt structure. Undoped PbTe with a band gap of 0.32 eV
and melting poit of 1197 K at 300 K serves as a typical semiconddétéccording to
Equation 1.18, a low lattice thermal conductivity of ~ W0m' K" lcan be explained by a
large average mass of 167gAmol?! for this material. Therefore, carrier concentration

optimization through one of the commonly used methods, dopingpnjunction with the

16



relatively lowa led to a largeT. Hence, thaé-type PbTexlx andp-type NaPhixTe revealed

a zT value of 1.4at 750 K*“° The isostructural PbSe also performs as an outstanding
thermoelectric material at elevated temperatures. This again is in part a result of the
surprisingly lowe, of PbSe, which resulted irnzd of 1.2 at 850 K in case &fao.00Pkn 095>

The lowera. of PbSe as compared to PbTe is related to larger anharmonic vibrations of the
PbSe latticé! Recently, layered SnSe, which crystallizes in a tgieggensionally distorted

NaCl structure, wasevealed to possess a remarkably v 0.4W m' K' lat 923 K. This

mat er i gattice sherrhab omnductivity waattributed to large phongohononscattering

due to a large anharmonici§The proportionality constant that relates the atom displacement
to the potential energy is called the spring constanthis case with large anharmonicity,
increagng atomdisplacements from equilibrium causesariation in spring constam@ind an
enhancement of the phonphonon scattering accordinglgonsequently, aT of 2.3 for the

undoped SnSe along theaxis at 923 K was achievéd.

Bi-Tes-based materials are still known as one of the -sththe art materials with
substantial thermoelectric properties around room temperatures and abdegcBstallizes
in a layered rhombohedral structure with layer order® af eBi-Te-Bi-T e éalong the
crystallographicc-direction. Therein, each Te atom is coordinated by six Bi atoms, and each
Bi atom is similarly coordinated bsix Te atomgFigure 1.5) At the autside of this Hayer
package each Te atom is surrounded dyly three Bi atomsDue to the anisotropicrystal

structure, the physical properties are also anisotropic. For exatglealue of the thermal

17



conductivity measured perpendicular te thaxis is 1.5W m' K' * whichis over two times

larger than the one along thexis, 0.7W m' K" 4

Figurel.5 Layered crystal structure of Bies; octahedral BiTepolyhedra are highlightet.

1.4.4 Mass Difference (Mass Fluctuation)

Mass difference scattegnwhich 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

BQp — (1.19)
18



Where | is the st r enfgstthe fragtionaltcdneentjatiorooftoen s
impurity massMi; is the impurity mass andl B"Q0 is known as the mean atomic mass.
Here, impurities are atoms with a different size and mass than thathafshatoms?® Further
reductions to the lattice thermal conductivity of Bk were accomplished by the formation of
the solid solutions such aBix(TexSex): and (BiixSh).Tes, which crystallize in the
rhombohedral structure. By reducing the lattice thermal condfiyctdue to the mass
fluctuation (alloy disorder), a maximurT of 1.0 at 300 K fon-type Bi.Te>./Se) 3 andp-type

Bio.sShi sTes was achieved?

Silicon-germanium alloy, SikGe;, 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 WOm' K' *for Sio/Geys than
elemental Si, 150V m' K" tand Ge, 63vm' K' ¢ The largeszTof aound 1.0wvas reached
for then-type Sio.sGe.2at 900 K, whereas the so far maximaivalue of thep-type SixGe

materials is only 0.87

The materialstudiedin chapters 3 andéf this thesis, B&CuexSea1yTey and BaCuie

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

structures.

19
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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 scatteviagrain 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 electricakransport properties to the thermal conductivity. A scheme of the effect of
different nanoparticles and interfaces meanfree paths othe phonons and electromns

presented in Figure 1%

Figure1.6 Effect of particles and interfaces on mean free pathghohms and electrons

Reprinted with permission fromef.5 Copyright2019Elsevier.
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